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PREFACE  TO  THE  SECOND  EDITION- 


Mant  UDportant  changes  have  b^en  made  in  tbe  present  edition, 
designed  to  adapt  the  work  more  fully  to  the  wants  of  the  higher 
veminaries,  where  mathematical  dcmoneirations  are  required  of  the 
olaases  in  Natural  Philosophy.  With  this  view,  tho  two  first  Parta 
have  been  almost  whoUy  re  written  ^  and  upon  a  different  plan  of 
arrangement.  Some  eubjects  which  were  perhaps  too  fully  treated 
in  the  finst  edition, — as,  for  example,  CryBtallographj, — have. been 
reduced,  while  others  have  been  expanded  to  meet  the  just  propor- 
tions of  a  harmonious  treatment.  These  remarks  apply  also  to  Fart 
Third  (the  Physics  of  Imponderable  Agents),  and  especially  to 
Optics  and  Heat.  In  the  latter  chapter  some  topics  have  been 
omitted  which  are  more  appropriately  treated  in  Chemistiy. 

The  mathematical  demonstrations,  while  they  are  designed  to  be 
M  simple  as  possible  consbtent  with  exactness,  are  believed  to  be 
M  full  and  rigorous  as  are  demanded  in  institutions  where  only 
geometric  and  algebraic  methods  are  used.  Analytical  methods 
have  not  been  introduced,  as  the  book  was  not  designed  for  the 
comparatively  limited  number  of  colleges  where  the  higher  mathe- 
matics are  employed  in  teaching  Physics. 

The  questions  at  the  foot  of  the  pages  in  the  first  edition,  have 
been  omitted,  to  gain  space  for  a  considerable  number  of  practical 
problems  (mostly  original,)  designed  to  exercbe  the  student  in  the 
application  of  the  principles  and  formulas  found  in  the  text.  To 
■id  in  the  solution  of  these,  and  to  assist  the  teacher  in  the  oon- 
Btmetion  of  additional  problems,  numerous  physical  Tables  have 
been  aided  in  the  Appendix. 

The  plan  of  using  two  kinds  of  type,  resorted  to  in  the  first 
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edition,  has  been  continned  with  more  particularity  in  this  The 
book  is  thus  adapted  to  the  use  of  the  general  reader,  and  to  stu- 
dents who  seek  only  a  knowledge  of  general  principles. 

These  changes  and  additions,  the  author  belieyes,  entitle  this 
edition  more  fully  to  the  encomiums  bestowed  on  the  first  by  many 
of  the  ablest  physicists  and  most  experienced  teachers  in  this 
country.  By  the  liberality  of  the  publishers,  numerous  additions 
have  been  made  to  the  wood-cuts,  while  new  designs,  in  numerous 
cases,  replace  those  of  less  beauty  in  the  first  edition. 

The  design  has  been,  in  this  edition,  to  give  to  all  the  depart- 
ments of  physical  science  a  just  proportion  of  space,  in  harmony 
with  the  general  scope  of  the  book.  The  subject  of  Mechanics 
and  Machines  (upon  which  so  many  excellent  special  treatises 
exist)  has,  there.  ^'''*  condensed  into  a  smaller  proportionate 
space  than  it  usually  occupies  in  American  treatises  on  Natural 
Philosophy;  while  ch  fundamental  subjects  as  Motion,  Force, 
Gravitation,  Elastic  ly,  Tenacity,  and  Strength  of  Materials,  are 
considered  at  more  length. 

The  author  has  freely  availed  himself  of  all  the  sources  of  infor 
mation  within  his  reach.  A  list  of  the  works  chiefly  used  in  the 
preparation  of  this  edition  is  appended — ^to  which  should  be  added 
the  chief  foreign  journals,  and  transactions  of  learned  societies — 
which  have  been  resorted  to  for  the  original  memoirs  quoted  on  a 
great  variety  of  topics.  He  is  also  particularly  indebted  for  good 
counsel  to  many  scientific  and  personal  friends,  the  infiuence  of 
whose  criticisms  on  the  first  edition  they  will  find  frequently  i]> 
the  present.  More  than  to  all  others  is  he  indebted  to  Dr.  M.  C 
White,  of  New  Haven,  for  his  constant  attention,  both  in  the 
preparation  of  new  matter  and  in  the  revision  of  the  press. 

He  also  takes  pleasure  in  again  acknowledging  his  obligations 
to  Prof.  C.  H.  Porter,  of  Albany. 

For  a  final  revision  of  the  sheets,  and  the  detection  of  a  number 
of  errors  which  had  escaped  previous  proof-readers,  the  author 
is  indebted  to  Mr.  Arthur  W.  Wright,  Assistant  Librarian  of 
Tale  College. 

Fuller  references  have  been  added,  especially  to  American  autho- 
rities ;  and  the  author  hopes  no  apology  is  required  for  the  frequent 
references  to  the  American  Journal  of  Science,  which  is  supposed 
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to  be  t  work  acoemible  to  all  Ameriean  t  vshen,  wMle  the  Euro- 
pean joamala  are  rarely  so;  and  references  to  these  would,  there- 
fore, be  of  little  practical  use  to  the  great  majority  of  readers  of 
anch  a  treatise  as  this. 

As  no  table  of  errata  is  given  (all  errors  thus  far  discorered 
being  corrected),  the  author  will  esteem  it  a  great  &yor  if  any 
person  using  the  book  will  communicate  to  him  direct  any  errors 
of  £ict  or  figures  which  may  be  discovered. 

New  Hatxn,  Odober  15, 1860. 
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Tnit  band'b  wk  hfi3  beeu  pfepn?ed  with  a  view  to  gire  a  fair  eipoai^ 
tion  of  the  present  condition  of  the  BeveraL  depnrtinCDts  of  PhjBicB.  ^ 
«  «  «  »  »  Accuracy  of  Bt&temcQt,  fullness  of  lUuatr&tioii, 
ooncUenesB  of  expression ^  and  a  record  of  the  latei^^t  and  moHt  reliable 
progT-e«s  of  science  in  tbeae  departmeota,  lia?c  been  the  leading  objects 
in  h%  prc^paration. 

Only  those  who  have  attempted  to  harmonize  and  present  in  due 
proportion  the  whole  of  so  vast  a  subject  as  this,  in  a  compendious 
form,  can  fully  appreciate  the  labor  and  difficulties  which  attend  it. 

Without  claiming  for  the  present  volume  any  credit  more  than 
belongs  to  a  faithful  digest  and  compilation  from  the  best  authorities 
in  modem  science,  it  is  hoped  that  it  will  be  found  suited  to  the  wants 
of  a  large  class  of  both  teachers  and  students.  No  pains  have  been 
wanting  to  secure  accuracy  both  in  fact  and  mechanical  execution. 
The  publishers  have  spared  no  expense  to  illustrate  the  book  with  a 
profusion  of  wood  cuts.  Many  of  these  are  original  designs,  or  are 
reduced  from  larger  drawings  b^  photography — and  others  have  been 
selected  with  care  from  the  best  standard  authors.  ♦♦♦♦♦♦ 
Whenever  it  was  possible,  reference  has  been  had  to  original  memoirs 
in  Journals  and  Transactions,  and  in  this  way  many  errors  current  in 
works  of  inferior  authority  have  been  corrected.  With  but  few  excep- 
tions, references  to  foreign  memoirs  have  been  omitted  in  the  text,  as 
their  insertion  could  profit  only  a  very  small  number  of  readers,  and 
might  seem  pedantic.  Not  so  with  respect  to  names  of  discoverers  of 
important  principles  and  phenomena.  A  great  number  of  names  of , 
these  will  be  found  in  the  text,  in  their  proper  places,  and  not  unfre- 
quently  the  dates  of  birth,  or  death,  or  both,  are  given. 

Every  teacher  must  have  observed  that  an  abstract  principle  is 
often  fixed  in  the  memory  by  the  power  of  associated  ideas,  when  it  is 
eonnected  with  a  date  or  item  of  personal  interest,  as  the  attention  is 
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awakened  by  the  dramatio  far  more  than  by  the  didactic.  Hence  it 
has  been  thought  jadicions  to  introduce  numerous  important  dates  in 
the  history  of  science. 

It  gives  me  great  pleasure  to  acknowledge  many  obligations  to  Prof. 
Oharlis  H.  Portbr,  M.  A.,  M.  D.,  of  Albany  (some  years  my  assistant), 
for  his  constant  and  most  important  assistance  in  the  compilation  and 
editing  of  this  book.  Preoccupied  as  my  own  dme  has  ften,  I  should 
not  at  times  have  found  it  possible  to  proceed  without  his  valuable 
assistance  and  excellent  judgment.  Dr.  M.  C.  Whits,  of  this  town,  has 
also  rendered  me  important  aid,  especially  in  Optics,  and  in  the  revi* 
sion  of  the  press. 

Nsw  Havw,  Covv.,  OeL  15,  1868. 
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PART  FIRST. 

PHYSICS  OF  SOLIDS  AND  FLUIDS. 


CHAPTER  L 

INTRODUCTION. 


1.  Matter. — Matter  is  that  which  oocupies  space,  and  is  the  object 
of  sense.  Our  knowledge  of  the  material  world  is  founded  upon  expe- 
rience, or  the  eyidence  of  our  senses ;  and  the  conviction  that  the  same 
causes  will  always  produce  the  same  effects. 

A  definite  and  limited  portion  of  matter,  whether  it  be  a  particle  of 
dust  or  a  planet,  is  called  a  body.  The  different  kinds  of  matter,  as 
water,  marble,  gold,  or  diamond,  are  called  mbsiances.  Numberless  as 
are  the  Tarious  substances  known  to  man,  they  are  all  composed  of 
a  limited  number  of  siniple  bodies  called  elements. 

2.  Obaervation  and  experiment. — ^By  observation  we  become 
acquainted  with  those  changes,  in  the  condition  and  relations  of  bodies, 
which  occur  spontaneously  in  the  ordinary  course  of  nature ;  but  the 
knowledge  thus  acquired  is  limited  when  compared  with  the  results 
of  experiment.  By  the  use  of  proper  apparatus  we  can  repeat  natural 
phenomena  under  varied  conditions;  and,  among  all  the  attendant 
circumstances,  we  can  determine  what  are  accidental,  and  what  are 
essential  to  any  given  effect. 

Phenomena. — A  phenomenon,  in  the  sense  in  which  this  word  is 
Qsed  in  science,  is  any  event  taking  place  in  the  ordmary  course  of 
nature.  Thus  the  changes  of  the  seasons,  the  fall  of  rain  or  dew,  the 
burning  of  a  fire,  and  the  death  of  an  animal,  are  more  truly  pheno- 
mena of  nature  than  those  more  rare  or  alarming  events  to  which  in  a 
Tolgar  sense  this  word  is  usuaUy  confined. 
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3.  Law,  Theory,  and  Hypothesis. — In  conducting  an  experiment, 
we  are  taught  to  trace  with  certainty  the  connection  between  different 
phenomena ;  to  classify  effects  of  the  same  kind  and  refer  them  to  their 
common  cause ;  in  fine,  to  deduce  from  many  experiments  the  govern- 
ing principle,  or  law  of  nature,  in  obedience  to  which  they  are  produced, 
and  to  unite  both  facts  and  principles  into  a  theory,  or  comprehensiye 
view  of  the  whole  subject.  Such  theories  are  a  fruitful  source  of  new 
experiments  and  new  discoveries. 

The  terms  law,  theoi-y,  and  hypothesis  are  often  used  interchangeably, 
and  are  all  designed  to  express  the  various  degrees  of  perfection  attained 
in  any  department  of  human  knowledge,  towards  the  understanding  of 
the  thoughts  of  God  as  expressed  in  the  phenomena  of  the  physical 
world.  An  hypothesis  is  a  guess  op  assumption,  designed  to  aid  further 
investigation,  and  bears  the  same  relation  to  a  theory  or  law  as  the 
scaffolding  bears  to  the  perfect  building.  A  theory  is  the  most  perfect 
expression  of  physical  truth,  and  is  deduced  from  both  laws  and  prin* 
ciples  that  have  been  established  on  independent  testimony. 

That  a  theory  should  rise  to  the  highest  expression  of  the  laws  of 
nature,  it  must  account  not  only  for  all  known  phenomena  falling 
under  it,  but  for  all  possible  cases  with  their  irregularities  and  varia^ 
tions.  Thus  the  law  of  gravitation,  as  developed  by  Newton  from 
terrestrial  phenomena,  has  been  found  strictly  universal  in  its  applica-  , 
tion;  not  only  meeting  all  known  facts  in  celestial  mechanics,  but, 
outstripping  observation,  it  has  foretold  events  which  have  been  subse- 
quently confirmed,  or  which  it  still  requires  centuries  of  years  to 
verify. 

4.  Indactive  Philosophy. — ^When  individual  experience  is  en- 
larged by  the  experience  of  other  inquirers  and  other  times,  and  the 
combined  knowledge  of  many  is  so  arranged  as  to  be  comprehended  by 
one,  the  syiitem  becomes  a  science  or  philosophy  of  nature.  Because 
its  principles  are  founded  upon  a  comparison  and  analysis  of  facts,  a 
system  of  this  kind  is  also  called  Inductive  Philosophy. 

Inductive  philosophy  is  of  modem  origin.  Qalileo  (born  in  1564)  was  the 
first  to  commence  a  coarse  of  experimental  researches  ,*  and  Bacon  (bom  in 
1561),  in  his  immortal  work.  Novum  Organum,  showed  that  this  was  the  only 
road  to  an  accurate  knowledge  of  nature.  The  ancients  were  ignorant  of  the 
principles  and  methods  of  inductive  science.  Their  explanations  of  natural 
phenomena  were  based  on  atitumed  causes;  they  are  therefore  confused  and 
contradictory,  and  often  in  direct  opposition  to  experience. 

5.  Force. — From  the  axiom  that  every  event  must  have  a  cause, 
the  mind  naturally  passes  to  the  recognition  of  certain  powers  or  force* 
in  nature  adequate  to  account  for  the  observed  phenomena.    Thus  we 
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liftr  Hm  &n  of  bocBM  to  the  earth  to  the  fufroe  of  graTitstioii— the 
itrwgth  of  materials  to  the  force  of  ooheeive  attraction — the  direettve 
power  of  the  eompaaa-noedle  to  the  earth's  magDetism — the  OTaporatioD 
of  water  to  tfa«  action  of  heat — the  oombostion  of  a  fire  to  the  aotioii 
of  osjgen  on  the  otonMols  of  the  fueU  or  to  the  force  of  ohemieal 
■finicj. 

Man  exercising  hie  rolition  walks,  or  strikes  a  blow— examples  of  the 
Bijsterioas  connection  between  spirit  and  matter,  of  the  conscious  exer* 
else  of  mechanical  force.  By  the  nse  of  a  loTcr  or  screw  he  transmita 
or  moltipiies  his  force  at  will — hj  experiment  he  learns  that  he  can 
abo,  bj  sQitable  appliances,  call  into  action,  where  he  pleases,  oertain 
other  forces,  otherwise  dormant,  which  he  calls  ekemieal,  or  jgAytteoi^ 
according  as  they  do,  or  do  not,  involTO  an  essential  change.in  the 
natore  of  the  materials  employed.  Both  his  conscioasness  and  exp^ 
rienoe  inibrm  him  that  all  these  manifestations  of  force  result  from  the 
voluntary  but  mysterious  action  of  mind  upon  matter.  He  is  thus  led 
to  the  unavoidable  conclusion  that  those  great  phenomena  of  nature, 
over  which  be  has  no  control,  must  have  their  origin  also  in  the  yolitions 
of  a  SupRBMB  RuLBR.  FoRCE  and  WILL  thus  become  related  terms,  and 
we  are  compelled  to  regard  the  forces  of  nature,  as  they  are  usually 
flCyled,  as  only  the  outward  and  visible  manifestatiofis  of  the  mind  of 
God. 

lu  Physics  the  term  force  is  often  used  for  the  unknown  cause  of  a 
known  effect. 

6.  The  propertiea  of  matter  are  general,  or  apecifio. — The 
attentive  consideration  of  any  sort  of  matter  will  show  us  the  ex- 
istence of  two  sorts  of  properties  in  it — namely,  general  properties 
and  specific  properties.  Grold,  for  example,  occupies  space  and  pos- 
sesses weight,  but  so  also  does  all  matter,  whether  solid,  liquid,  or 
gaseous  ;  these  properties  are  general.  But  gold  has  a  peculiar  color 
and  lustre,  is  unchangeable  by  the  action  of  causes  which  destroy  the 
identity  of  nearly  all  other  sorts  of  matter,  has  a  definite  and  peculiar 
crystalline  form,  and  weighs  about  nineteen  times  as  much  as  a  like 
bulk  of  water.  These  are  qualities  peculiar  to  gold,  and  by  which  we 
always  recognise  it.    They  are  its  9pecifie  properties, 

7.  Tbo  changea  in  matter  are  phyaioal,  or  ohomioal. — Water 
ia  changed  by  heat  to  steam  or  vapor,  by  loss  of  h^t  (cold)  it  is 
reduced  to  a  solid.  By  the  ceaseless  action  of  these  natural  causes,  it 
perpetually  changes  its  place  and  condition.  It  returns  to  the  earth, 
ftwa  its  distillation  in  the  great  alembic  of  the  atmosphere,  as  dew, 
mist,  rain,  hail,  or  snow,  and  by  gravity  seeks  to  gain  a  place  of  rest 
in  tho  great  ocean.    But  in  all  its  changes  of  stato  and  poeitm  \t  ia 
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Still  the  same  substance.  A  bar  of  iron,  by  contact  with  a  lodestone, 
acquires  new  properties,  which  we  call  magnetic,  but  its  color,  form, 
and  weight  remain  unchanged.  A  glass  tube  or  plate  of  resin  rubbed 
by  dry  silk  or  fur  becomes  electrical,  in  virtue  of  which  property  it 
will  attract  or  repel  light  bodies.  These  changes,  which  do  no\  destroy 
the  specific  identity  of  the  substance,  are  termed  physical  changes. 

But  in  a  damp  atmosphere  the  iron  bar  is  soon  covered  with  rust, 
from  the  action  of  oxygen  (one  of  the  gases  of  the  air)  upon  the  iron. 
The  same  change  follows  the  action  of  water  alone.  In  this  latter  case 
the  water  is  decomposed,  and  with  great  activity  if  a  dilute  acid  is 
present.  The  oxygen  of  the  water  combines  with  the  iron,  while  the 
hydrogen  escapes  as  a  gas,  and  thus  the  specific  identity  of  both  sub- 
stances is  destroyed.  Such  changes,  destructive  of  specific  identity,  are 
called  chemical  changes, 

8.  Physical  and  chemical  properties  of  matter. — The  changes 
of  matter  just  noticed  correspond  to  its  physical  and  chemical  proper- 
ties. Gold  possesses  certain  specific  properties,  depending  solely  on  its 
physical  qualities ;  its  density,  lustre,  color,  form,  malleability,  and  its 
high  point  of  fusion,  are  all  qualities  of  gold  which  can  never  be  lost 
without  an  essential  change  of  its  nature,  and  are  therefore  termed 
physical  properties.  Exposed  however  to  the  action  of  chlorine  and 
certain  other  agents,  gold  loses  its  specific  identity,  and  becomes,  as  it 
were,  a  new  substance,  while  the  same  change  passes  equally  upon  the 
agent  by  whose  efficiency  the  transmutation  is  effected.  Such  changes 
of  matter,  involving  an  essential  loss  of  specific  identity,  depend  on  the 
chemical  properties  of  matter. 

9.  Physics  and  Chemistry. — It  is  plain  that  the  distinctions 
just  pointed  out  are  fundamental,  in  the  nature  of  things,  and  that  out 
of  them  spring  two  entirely  distinct,  although  nearly  related,  branches 
of  human  knowledge,  namely,  Physics  and  Chemistry;  the  former  is 
more  frequently  called,  in  this  country.  Natural  Philosophy ;  a  term 
too  comprehensive  in  its  general  significance  for  an  exact  definition. 
Now  as  all  substances  possess  both  physical  and  chemical  properties, 
it  is  plain  that  a  thorough  knowledge  of  either  branch  involves  some 
familiarity  with  the  other.  But  the  natural  order  of  knowledge  con- 
sists in  obtaining  first  a  familiarity  with  the  general  properties  and 
laws  of  matter,  and  subsequently  the  specific  properties.  Physical 
knowledge  therefore  naturally  precedes  chemical. 

10.  Vitality,  or  the  principle  of  life,  is  recognized  as  a  distinct 
force  in  nature,  controlling  both  physical  and  chemical  forces ;  by  its 
action  inanimate  or  unorganized  matter  is  transformed  into  animate 
and  organized  existences.     Thus,  out  of  air,  water,  and  a  few  mineral 
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If  aU  living  forms,  tM>tb  antmal  and  veg^Utble,  «re  baiU  iqp 
bj  the  eh^mistrj  of  Itfc.  After  a  life  of  definite  duratSon,  iboj  idk^ 
wad  their  Btructures  di^sulv^  again  into  the  biapimnte  bod^ef  out  of 
which  ihej  gr«w.  They  are  subject  to  the  general  kwa  of  ntttttt,  bat 
lli«»e  iaw^  are  often  modified,  and  ^ometiines  direcdj  oppotod  bgr  lllf» 
ax:tioD  of  that  unknown  power  which  we  call  the  principle  (ffltfe,  X%l 
de^eripiion  of  organiidd  bodies  conatitutea  iho  science  of  N§limX 
Ilistorj. 

IL  liigM,    Heat,    and   tSlectricity   aro   terma  emplpjed  ttyi^i 
tinguUh  certdn  phenomcda,  or  foreea  in  noture,  connected  wi^  f 
g^wing  out  of  the  changes  of  matter^  phjai<;al  or  ebontioftl,  or  lxit||#^ 
Tboj  are  stippoeed  by  moat  phjsict«t«  to  be  dependent  on  th»  oxjwtmot 
vf  certain   bjpothetiea)  6uid«^  or  on  the  vibratit>ns  of  aa  iMMNinMCl 
ethereal  medium.     As  the^^e  fluidSf  or  forces,  are  without  w(9ghl  or 
irt^r  eemjible  prfjperties  of  (irdiDarj  matter,  ihej  are  tormo^,  b J  nUMj 
mites,  the  impcModerable  agents,  or  simply  impondorables.    What 
tbe  spirit  is  to  the  aoimal  body  these  mysterious  agents  are  to  lifeless 
matter. 


CHAPTER  II. 
QSNERAL    PRINCIPLES.  . 
{ 1.  Definitions  and  General  Properties  of  Matter. 

I.   ESSENTIAL  FR0PERTIS8. 

12.  The  essential  properties  of  matter  are  (1)  magniiude,  or 
estennon,  (2)  impendrahUity.  We  cannot  conceiye  of  matter  with- 
evl  magnitude,  and  it  is  equally  clear  that  the  space  occupied  by  any 
gfven  particle  of  matter  cannot,  at  the  same  time,  be  occupied  by  any 
olfaer  particle. 

AH  the  other  general  properties  of  matter,  however  uniyersal  they 
asay  be,  have  been  made  known  to  us  by  observation  ka^  experiment, 
and  are  not  essential  to  the  fundamental  notion  of  the  existence  of 
SMiter.  The  accessory  or  non-essential  properties  of  matter  are,  1, 
iXrinbility,  2,  Compressibility,  3,  Expansibility,  4,  Porosity,  6,  Mo- 
l^ty,  and,  6,  Inertia. 

IS.  Mmgnituae  or  ^xtensioa.—- Eztension  is  the  propects  ubinli 
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every  body  possesses  of  occupying  a  portion  of  space.    The  amount  of 
space  so  occupied  by  a  body  is  called  its  volume. 

Every  body  has  three  dimensions,  length,  breadth,  and  thickness, 
the  external  boundaries  of  which  are  surfaces  and  lines.  The  exact 
measurement  of  these  three  dimensions  is  the  foundation  of  all  exact 
knowledge  in  experimental  science,  and  demands  the  adoption  of  cer- 
tain arbitrary  units  of  comparison. 

14.  Impenetrability. — The  power  of  a  body  to  exclude  all  other 
bodies  from  the  space  occupied  by  itself  is  called  impenelrability.  This 
property  is  possessed  by  all  forms  of  matter.  Air  may  be  compressed 
indefinitely,  perhaps,  but  the  mechanical  force  required  for  its  com- 
pression is  at  once  the  evidence  and  the  measure  of  its  impenetrability. 

A  stone  dropped  into  the  water  displaces  its  own  bulk  of  the  fluid, 
but  does  not  penetrate  its  particles.  A  nail  driven  into  a  board  only 
displaces  certain  particles  of  the  wood,  whose  resistance  or  elasticity 
imparts  to  the  nail  its  power  of  adhesion. 

The  union  of  these  two  properties,  extension  and  impenetrability 
gives  exactness  to  our  fundamental  notion  of  matter.  Neither  alone 
will  suffice  to  produce  a  body.  The  image  in  a  mirror  is  not  a  body, 
for  behind  the  mirror,  where  the  image  appears,  is  the  wall,  or  perhaps 
another  body.  The  shadow  of  any  object  in  the  sunlight  has  exten- 
sion, but,  as  it  is  not  impenetrable,  it  is  not  a  body. 

15.  The  three  states  of  matter. — Matter  is  presented  to  our 
senses  in  three  unlike  physical  states,  viz.,  solid,  liquid,  and  gaseous. 
The  last  two  states  are  more  comprehensively  called  ^uu2«.  These 
three  physical  conditions  of  matter  represent  the  opposite  action  of  the 
forces  of  attraction  and  repulsion.  But  as  these  interesting  relations, 
and  the  physical  laws  governing  them,  are  fully  discussed  under  their 
appropriate  heads,  it  is  needless  to  do  more  than  refer  to  them  here. 
(146.) 

II.    ENGLISH    AND    FRENCH    SYSTEMS  OF   MEASURES. 

16.  Units  of  measure. — In  order  to  determine  with  accuracy 
the  volume  of  solids  and  the  area  of  surfaces  or  the  length  of  lines, 
some  arbitrary  unit  of  extension  must  be  adopted.  Of  the  three 
geometric  degrees  of  extension  the  unit  of  length  is  the  only  one  which 
need  be  arbitrary,  since  by  squaring  it  we  may  measure  surfioxses,  and 
by  cubing  it  we  can  measure  solids.  In  early  times  the  weight  of 
grains  of  wheat,  ("thirty-two  of  which,  from  the  midst  of  the  ear, 
were,  a.  d.  1266,  declared  to  be  equal  to  an  English  penny,  called  a 
sterling/')  or  the  length  of  "barley  corns"  (three  to  an  inch)  gave  the 
rude  basis  of  legal  units  of  weight  and  measure  in  England,  and,  long 
after,  by  adoption  in  the  United  States. 


n.  WwcWbIi  onltB  of  tonstlL — ^The  jford  is  the  English  unit  of 
faqglii».«doptad  both  in  Cbeat  Britain  and  America.  It  appears  to 
hum  had  its  origin  alwai  a.  d.  1120,  in  the  reign  of  Henry  the  Firsts 
"iriko  ordered  that  tin  mfna^  or  ancient  ell  (which  corresponds  to  the 
■odMn  jnrd)  ahonld  he  made  of  the  exact  length  of  his  own  arm,  and 
thai  tfie  other  measnres  of  length  shoold  he  based  upon  if  The  yard 
is  dirided  into  thirty-six  indiesw 

In  1824  it  was  enacted  by  the  English  Parliament,  that  if  at  any 
time  the  standard  yard  should  be  lost,  defaced,  or  otherwise  iignred,  it 
shoold  be  restored  by  making  a  new  standard  yard,  bearing  the  same 
proportion  to  a  pendokun  vibrating  seconds  of  mean  time  in  the  latl- 
tede  of  London,  in  a  Taooam  and  at  the  lerel  of  the  sea»  as  36  inches 
beara  to  39.1393  inches,  the  latter  being  the  Imgth  of  the  pendolnm 
vibrating  seeonds  at  London. 

In  1834  the  Pitfliament  House  was  destroyed  by  fire,  and  with  it  the 
standard  yard.  The  measurement  of  the  seconds'  pendulum,  as  given 
above,  was  subsequently  found  to  be  incorrect,  and  the  commissioners 
appointed  to  consider  the  steps  to  be  taken  to  restore  the  lost  standard, 
recommended  the  construction  of  four  standard  yards  from  the  best 
authenticated  copies  of  the  old  standard.  These  duplicates  (a  copy  of 
which  exists  in  the  U.  S.  Mint)  are  the  basis  of  English  and  American 
standards  of  length. 

The  subdivisions  and  multiples  of  the  yard  are  given  in  Table  I.,  at 
the  end  of  this  volume. 

Nearly  all  the  English  units  of  surface  are  squares  whose  sides  are 
equal  to  the  units  of  length.  The  square  and  cubic  inch  are  the  units 
most  frequently  employed  for  scientific  purposes. 

The  measures  of  capacity  are  related  to  those  of  length,  by  the  deter- 
mination that  a  gallon  contains  277.274  cubic  inches.  ({  101.) 

Where  volume  can  be  calculated  from  linear  measurements,  it  is 
nsnal  to  estimate  it  in  cubic  yards,  cubic  feet,  or  cubic  inches.  In  this 
way  earth-work  and  masonry  are  measured. 

18.  The  French  ayatem  of  meaanrea  originated  with  the  great 
revolution  in  France,  when  all  regard  for  ancient  institutions  was 
repodiated.  A  commission  of  the  members  of  the  Academy  of  Sciences 
was  appointed,  who  developed  a  decimal  system,  which  was  at  once 
adopted.  They  proposed  that  the  ten-millionth  part  of  the  quadrant 
ef  a  meridian  of  the  globe  should  be  assumed  as  the  basis  of  a  new 
aetrioal  system.  This  was  called  a  metre,  and  subdivisions  and  mul- 
tiples of  this  unit  were  made  on  the  decimal  system.  The  metre  is 
eqoivalent  to  39.37079  English  inches,  or  39.3G850535  American 
Later  determinations  hare  shown  that  the  leng^  of  \]m 
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standard  metre  is  not  precisely  the  one  ten-millionth  part  of  a  quad* 
rant.  Thus  it  appears  that  the  metre  of  France  is  a  standard  of 
measure  not  less  arbitrary  than  the  £nglish  yard. 

The  French  metre  is  subdivided  into  tenths,  called  decimetres  ;  hun- 
dredths, or  centimetres;  and  thousandths,  or  millimetres,*  The  names 
of  the  multiples  are  as  follows :  the  decametre,  ten  metres ;  the  Aecto- 
metre,  one  hundred  metres ;  and  the  kilometre,  one  thousand  metres. 
This  last  length  is  equal  to  about  two-thirds  of  an  English  mile,  and 
it  is  the  ordinary  road-measure  in  France. 

The  French  units  of  surface  are  squares,  whose  sides  are  equal  to 
the  units  of  length.  The  common  French  measure  of  land  is  the 
square  decimetre,  which  is  called  an  are. 

The  measures  of  capacity  are  connected  with  those  of  length  bj 
means  of  the  litre,  which  is  a  cubic  decimetre,  (or  a  cube  measuring 
3.937  English  inches  on  the  side).  It  is  equal  to  1.765  Imperial  pints, 
or  somewhat  more  than  1}  English  pints.     (See  Table  I.) 

The  cubic  metre  is  the  measure  of  bulky  articles,  and  has  received 
the  name  of  stere.  The  stere,  as  well  as  the  litre,  and  the  are,  have 
decimal  multiples  and  subdivisions,  named  like  those  of  the  metre.       ^ 

Tho  connection  of  the  system  of  weights  with  those  of  capacitj  and  length  it 
explained  in  {  100. 

III.    ACCESSORT  PROPERTIES  OF  MATTER. 

19.  Diviaibility. — By  mechanical  means  matter  may.  be  reduced  to 
an  extreme  degree  of  comminution.  By  chemical  means,  and  the  pro- 
cesses of  life,  this  subdivision  is  carried  very  much  farther.  A  few 
illustrations  of  each  of  these  kinds  of  divisibility  will  suffice. 

Gold  is  beaten  into  leaves  so  thin  that  one  million  of  leaves  measure 
less  than* an  inch  in  thickness.  A  bar  of  silver  may  be  gilded,  and 
then  drawn  into  wire  so  fine  that  the  gold,  covering  a  foot  of  such 
thread,  weighs  less  than  g^^  of  a  grain.  An  inch  of  this  wire,  con- 
taining  ij7i}fjfjf  of  a  grain,  may  be  divided  into  100  equal  parts  dis- 
tinctly visible,  and  each  containing  ^^.^^(^^.^^(j  of  a  grain  of  gold. 
Under  a  microscope  magnifying  500  times,  each  of  these  minute  pieces 
may  be  again  subdivided  500  times,  each  subdivision  having  to  the  eye 
the  same  apparent  magnitude  as  before,  and  the  gold  on  each,  with 
its  original  lustre,  color,  and  chemical  properties  unchanged,  repre- 
sents s.^jsjsM o.nJiJS  P**^  ^^  *^®  original  quantity. 

Dr.  Wollaston,  by  a  very  ingenious  device,  obtained  platinum  wire 
for  the  micrometers  of  telescopes,  measuring  only  j-Q^^jfjf  of  an  inch  in 
diameter.    Though  platinum  is  nearly  the  heaviest  of  known  bodies,  • 

'  Tbe  smaller  messures  are  named  by  Latin,  the  Wgec  Y»7  Greek  v<aiBb«t%. 
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I  of  «Mh  irin  would  weigh  only  a  gr^n,  and  150  ftrands  of  it 
would  togethur  fbriii  a  thread  only  as  tliick  as  a  filament  of  raw  silk. 

A  grwB  of  ot^pper  disaolTed  in  nitric  add,  to  which  ie  afterwards 
I  wutar  of  aainumia»  win  giro  a  decided  blue  color  to  392  cabic 
I  of  water.  Now  each  cubic  inch  of  the  water  maj  be  divided 
mto  a  milfion  particles,  each  distinctly  visible  under  the  microscope, 
Md  therefore  the  grain  of  copper  must  have  been  divided  into  392 
miUioii  parts. 

One  hundred  cubic  inches  of  a  solution  of  common  salt  will  be  ren- 
dered milky  by  a  cube  of  silver,  0*001  of  an  inch  on  each  side,  dissolved 
in  nitric  add,  and  the  magnitude  of  each  particle  of  silver  thus  repre- 
•snts  the  one-hundred  billionth  part  of  an  inch  in  sixe.  To  aid  the 
iladeDt  in  forming  an  adequate  conception  of  so  vast  a  number  as  a 
bfllion,  it  may  be  added  that  to  count  ^  billion  from  a  clock  beating 
seeondsy  would  require  31,688  years  continuous  counting,  day  and 
mghtw 

Minnte  diTision  in  the  animal  and  vegetable  kingdoms. — The 
blood  of  animals  is  not  a  uniform  red  liquid,  as  it  appears  co  the  naked 
eye,  but  consists  of  a  transparent  colorless  fluid,  in  which  float  an  innu- 
merable multitude  of  red  corpuscles,  which;  in  animals  that  suckle  their 
young,  are  flat  circular  discs,  doubly  concave,  like  the  spectacle  glasses 
of  near-sighted  persons.  In  man,  the  diameter  of  these  corpuscles  is 
the  3500tb  of  an  inch,  and  in  the  musk-deer,  only  the  12,000th  of  an 
inch,  and  therefore  a  drop  of  human  blood,  such  as  would  remain  sus- 
pended from  the  point  of  a  cambric  needle,  will  contain  about  3,000,000 
of  corpuscles,  and  about  120,000,000  might  float  in  a  similar  drop  drawn 
firom  the  musk-deer. 

But  these  instances  of  the  divisibility  of  matter  are  far  surpassed 
by  the  minuteness  of  animalcules,  for  whose  natural  history  we  are 
indebted  chiefly  to  the  researches  of  the  renowned  Prussian  naturalist, 
Ehrenberg.  He  has  shown  that  tnere  are  many  species  of  these  crea- 
tures, so  small  that  millions  together  would  not  equal  the  bulk  of  a 
grain  of  sand,  and  thousands  might  swim  at  once  through  the  eye  of  a 
needle.  These  infinitesimal  animals  are  as  well  adapted  to  life  as  the 
largest  beasts,  and  their  motions  display  all  the  phenomena  of  life, 
sense,  and  instinct.  Their  actions  are  not  fortuitous,  but  are  evidently 
governed  by  choice,  and  directed  to  gratify  their  appetites  and  avoid 
the  dangers  of  their  miniature  world.  The  stagnant  waters  of  the 
earth  (and  sometimes  the  atmosphere)  everywhere  are  populous  with 
them,  to  an  extent  beyond  the  power  of  the  imagination  to  conceive 
Iheir  numbers.  Their  silicious  skeletons  are  found  in  a  fossil  state, 
forming  the  eDiare  mass  of  rookj  stnta,  many  feet  in  thiokneBa  axi^ 
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liiiij^lnNis  of  .-•ju.ire  :;i:!ef  iz.  rx:*---^     ri-f  :..l!biJX2-*J:*  m*?  BiUi, 

ill  li<>hi>iiii:i,  rxiitaiii-  iu  *T*rT  c-ll:  l;«ri  k:»  -i:  -il-  •'   21I— i c^  -i  these 

iiriliiml-.    Since  u  ouM-.-  ir.*;.  .f  ::.i*  rlvir  ▼rix^  —  ^^■»-=-*-  "*-  °*"* 

I"'  in  a  Hiii;:k'  ;rruin  1*»7  miii;.:.?   ■:  -i*!*:  -*-  i-^i    c-f  :£  ^^3  w:«i-l, 

tlH-n'fnrir,  wei;^h  ub/ut  the  "Le  iv-?/'  :.c-^  ::'  *  rr»^-    ri+cin-uf 

Ki.hinoiifl,  Va.,  |jik<  b'ren  sL/wd  :v  IV.l  RklTj  -»..  :*«  :t  *  *iEiI» 

(lf>|)OHii  of  fili^.'ii^us  unimaloule*  vf  ex^'j^Iie  f.c^i-     I:  -a  :i;*.-**i.i--*  w 

form  u  conception  itf  the  minute  diinvE.*::E.*  ::  li-e**    rx--:  *=^--taie«, 

iirnl  ^ot   «?uch  HCparute  or^n  of  ererr  ^r-lzLAlisI-r  i?  *  ?  !^;«.cai  cf 

.-•'xrral  (>r;;unio  8uh.^tance!>.  each  in  ia  ziiTZ.  c-icrn.'?::^  -c=::*n«» 

atoinM  of  carlion,  oxv/»cu,  and  hjJro^en.     I:  i?  i-lfcia  fr.ci  li-ese  exinh 

I»l«'s  that  (he  actual  magnitude  yf  the  nlui=«e  m:«*.Til«  :£  *n j  Wt 

i^  Nometliiii^r  completelj  heyi»nd  the  reach  e^cAllT  vf  :«r  »Kse*  »  !«*• 

rri>r,  or  of  our  intellects  to  comprehend. 

:.'0.  Atoms.  Molecules.— The  ultimate  i>>cni:ou:«i  c(  m&ncr  ha» 

«liv  idfMl  th(>  iipinion.H  of  philosophers  fr-.-m  the  earl.'es*  i*rt>i  A  ««««• 

'I'v^o  livpoihrHes  have  provaiIe<l ;  the  one,  that  laaiter  i*  c^-snpoMdrf 

iin';^iilar  particlen  without  fixed  size  or  weijrht.  and  ■iiTiilbie  whbout 

limit  :  (ho  other,  that  "matter  is  formed  of  ?olid.  ma^y.  impenetrable, 

iiiovahlf  parti<rleH,  ho  hard  as  never  to  wear  or  bre«k  in  pieve»''  (Xew- 

t"n).  and  which,  being  wholly  indivisible,  have  a  certain  dduUeviB^ 

'i;^'ir««,  iind  wri^rht.  which  they  retain  unchangeably  through  all  llieir 

\;«i  loiis  mmbinationH.     These  ultimate  and  unchangeable  paxtides  are 

i'siU^'i]  f,/„fftM  (nioanin;?  that  which  cannot  be  subdivided^. 

>Vliih»  thoro  in  no  mathematical  objection  to  the  affsumpwn  that 

tor  iM  innriifcly  flivi.siblo  (since  no  mass  can  be  conceived  of,  so  Mnall 

'  '"  »f  «Mni.ot  1.0  ni<.iitally  subdivided),  physics  and  mor«  pardcnkriy 

<•  i<'iinstry  i,uve  shown,  from  the  mutual  relations  of  bodies,  that  thdr 

^-n-titiwui  jHirticles  possess  definite  and  limited  magnitudes. 

i/i  rho  *•*?*  '"''^^"^'^^  ('^  ''"^c  mass)  is  more  commonlV  applied  to  what, 

two  or  mor7'  '^  '""*'''""^-^  ^^"^^  divisible  atoms ;  l  e.,  to  a  group  of 

t^v..  atoms     '^       r  f'  ^"  *''^  '""^t^^cule  of  water  is  composed  of  at  least 

^*'"^">'^^al  conZumJ   ^T,"^"""  ''"'^  '*"*'  of  oxygen,  forming  together  a 

'"''•vulo^  po.L«  i-ff.  P'^enomena  of  crystallization  show  us  that 

''='  •^'^.     M'hilcchcir  f ''*"•  P'^'P^^'*^^  <**  different  point«  of  their  suiw 

*'"•'•  '^thor  not  at  alj"T  'V^'^^^"'  ^^  is  assumed  that  they  touch 

•   "^''  -— al  pnS;;l"r     """""  '"''^-     ^-^  ^^«  f^^t  result 
"'  ;;"^1'  * -l.LZr       ""'"^^^-^''-Jity  and  expansibility,  whioh 

a  fact  long  familiar  to  all  who  are 
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DQiifVfs^iit  With  coD^tructions.  Even  cduioDs  of  staue,  and  arohefly  sup- 
|iuniitg  heav;  luft^ls,  &re  found  to  dl  mini  ah  Eiensibly  from  their  original 
dliiteDik»tift  bj  pressure  alooe.  Mgi^I^  aro  compressted  bj  coining.  In 
Uquids  it  wa:3  lojig  believed  tlier«  was  no  compressibility,  but  in  reality 
Kqujdii  posseea  thia  property  to  a  greater  ejctent  thari  >;olids. 

1  ^itxfQit**  modiRciitioa  uf  Pvrkiii«'fl  ori^iDal  appAimtiis  Mrres  to 

demoa«tr&t«  the  comprcAsibilUj  qf  Wfitf?r.  A  strong  metaUio  rw- 
m1.»  C,  €g.  J;  ia  filled  wUb  wiitor,  iLud  i^lciai^d  by  a  dote  fitting 
■crew  plug,  13,  fig.  3;  unrj  a  perfectly  p oUa bud  cylindrical  piflton  of 
itool.  A,  pM^t-a  wflter-tight  Uir»ugfe  th*  steel  collttr,  P.  When  Uie 
tmaaI  ]■  thus  pruparcd,  it  ia  plncud  in  a  largi^r  Tesfel  eapaUe  of 
mdaring  grvmi  pre»4ure,  which  t^  oAa^  Alio  J  with  water. 

Proe^ure  to  ipj  ext^tit  deatrcd  la  then  lippHcd  by  meau      3 
of  A  hjiiraulin    preia.     It  is   eviduut    that  If  tbe  water 
wad&rgn&b  diminution  of  volume  whoiQ  eubjcctod  to  pree- 
san^  tbe  piatou  A  mast  he  forced  into  tha  c^'linder  to  a 
corresponding  extent.    The  Index  T  lif^viog  hoen  plaeed  at  a| 
0  of  tb«  scale  5,  if  it  if  fi^und,  o^^ter  tbe  experiment^  above 
tbftt  poitti,  M  in  €g.  2;,  it  ia  evidence  of  a  corresponding 
deseent  of  the  pi  ate  a,  due   to  com  press  jcn  of  the  water 
oontained  in  the  cylinder  C.     Oc^  removing  the  pressure  t|| 
tbe  eUitirit^   of  the    water   reatorr^   the   orij^inal   bulk. 
Water  is  footid,  hy  thb  eiperiment,  to  yield  about  fifty 
millionth  J  of  iti  volume  for  Uftdh  iitmoephere  of  pressure, 
i*^  e.j  for  a  preifflore  of  CRoen  pfmnda  to  a  square  inch. 

In  air  and  all  gases  we  see  tbe  property  of  com- 
pre^tjibility  very  apparent.     The  air  syringe  is  an 
instruuieut  in  which  a  portion  of  air  Is  compressed 
before  a  solid  piston,  with  the  evolution  of  so  much  heat  as  to  set  fire 
to  tinder. 

The  return  of  gases  and  liquids  to  their  original  bulk  on  removal  of 
the  condensing  force  is  due  to  a  property  termed  daaticity,  •  This 
quality  exists  in  many  solids,  if  not  in  all,  and  its  consideration  will 
be  resumed  hereafter. 

22.  Bxpanaibility. — The  expansion  and  contraction  of  all  bodies 
by  hmi  and  oold  is  a  fact  sufficiently  familiar.  Upon  it  is  based  the 
ffmainiction  of  all  instruments  for  reading  changes  of  temperature,  for 
H^doscription  of  which  the  reader  is  referred  to  the  chapter  on  heat. 

23.  Physical  pores. — The  facts  connected  with  the  compressibility 
ef  matter,   and  its  change  of  form  by  heat,   indicate  clearly   that 

atoms  of  matter  (assumed  to  be  unchangeable)  are  not  in  contact. 
»  spaces  existing  between  them  are  called  physical  pores,  on  the 
lence  of  which  depends  the  property  of  porosity.  Many  chemical 
Bomena  iUnstrate  the  existence  of  this  property.  If  equal  measure.*) 
tootbd  mid  water,  or  of  water  and  sulphuric  acid  are  mixed,  th« 
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bulk  of  the  resulting  liquid  is  sensibly  less  than  the  sum  of  the  two 
liquids  before  they  were  mingled.  This  shrinkage  can  result  only  from 
the  insinuation  of  the  particles  of  one  substance  among  the  pores  of 
the  other. 

The  great  amount  of  heat  developed,  during  these  experiments,  is  o 
significant  fact.  These  molecular  or  physical  pores  of  bodies  are  no 
more  sensible  to  our  organs  than  the  atoms  themselves,  and  are  per- 
meable only  to  light,  heat,  and  electricity. 

24.  Sensible  pores. — It  is  important  to  distinguish  the  molecular 
porosity  just  described  from  those  sensible  openings  which  give  to  cer- 
tain substances  the  property  generally  known  as  porosity.  The  pores 
of  organic  bodies,  as  of  wood,  skin,  and  tissues,  are  only  capillary 
openings,  or  canals,  for  the  passage  of  fluids.  Nearly  all  animal  and 
vegetable  substances  present  these  sensible  pores.  The  familiar  pneu- 
matic experiment — the  meratrial  rain — is  an  illustration  of  the  porosity 
of  wood.  Many  minerals  and  rocks  are  porous.  Common  chalk  and 
clay  are  familiar  examples.  Hydrophane  is  a  kind  of  agate,  opaque 
when  dry,  but  translucent  when  wet  from  absorption  of  water.  Even 
gold,  and  other  metals,  under  great  pressure,  as  in  the  experiments  of 
the  Florentine  academicians  in  1661,  are  found  to  exude  water. 

25.  Mobility. — We  constantly  see  bodies  changing  their  place  by 
motion,  while  others  remain  in  a  state  of  rest.  The  capacity  of  change 
of  place,  or  of  being  set  in  motion,  constitutes  what  is  called  mobility. 

We  recognize  motion  only  by  comparing  the  body  moving  with  some 
other  body  at  rest.  If  that  rest  is  real  then  the  motion  is  absolute,  but  if 
it  is  only  apparent  then  the  motion  is  only  relative.  Thus,  on  board  ship, 
or  on  a  rail  car,  the  passenger  appears  to  change  his  place  in  reference 
to  objects  about  him.  But  all  these  objects  are  equally  in  motion  with 
himself. 

All  motion  on  the  earth's  surface  is  relative,  because  the  globe  itself 
is  impelled  by  a  double  movement — of  revolution  on  its  own  axis,  and 
of  translation  about  the  sun. 

Rest  is  also  absolute  or  relative.  Absolute  when  the  body  occupies 
really  the  same  point  in  space — relative  when  it  preserves  the  same 
apparent  distance  from  surrounding  objects  regarded  as  fixed,  but 
which  are  not  in  reality  so.  A  ship  sailing  six  miles  an  hour  against 
a  current  of  the  same  velocity  appears  to  persons  on  her  deck  to  be 
advancing  with  reference  to  the  surrounding  waves ;  but,  viewed  from 
the  shore,  or  by  comparison  veith  objects  on  shore,  she  appears  at  rest. 
Absolute  rest  is  of  course  unknown  on  the  earth,  since  every  terrestrial 
object  partakes  of  the  double  motion  already  noticed,  and  it  is  doubtful 
if  any  part  of  the  universe  is  in  absolute  rest,  seeing  that  the  son 
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itself  with  the  whole  solar  system  is  carried  around  with  a  rapid  motion 
of  translation  in  space  about  a  central  sun. 

26.  Inertia. — No  particle  of  matter  possesses  within  it«elf*  the 
power  of  changing  its  existing  state  of  motion  or  rest.  Matter  has  no 
spontaneous  power  either  of  rest  or  motion,  hut  is  equally  susceptible 
to  each,  according  as  it  may  be  acted  on  by  an  external  cause.  If  a 
body  b  at  rest,  a  force  is  necessary  to  put  it  in  motion  ;  and  conversely, 
it  cannot  change  from  motion  to  rest  without  the  agency  of  some  force. 
A  body  once  pat  in  motion  will  continue  that  motion  in  an  unchang- 
ing direction  with  unchanging  velocity  until  its  course  is  arrested  )>y 
external  causes.  This  passive  property  of  matter  is  called  inertia, 
Descartes  first  gave  definite  expression  to  this  law  in  his  *'  Principles.'' 

When  we  are  told  that  a  body  at  rest  will  for  ever  remain  so,  unless  it  roccivcs 
an  impulse  from  some  external  power,  the  mind  at  once  assents  to  a  statement 
which  embodies  the  results  of  our  constant  experience.  But  it  requires  some 
reflection  in  one  who  for  the  first  time  considers  the  subject,  to  admit  tli;it 
Ix'dicii  in  motion  will  continue  to  move  for  over,  unless  arrested  by  cxttrual 
forces.  C.'u-<ual  observation  scema  to  contradict  the  assertion.  On  the  earth'.s 
surface  we  know  of  no  motion  which  does  not  require  force  to  maintain  as  well 
as  produce  it. 

We  may  observe,  however,  that  all  such  moving  bodies  meet  with  constant 
obstruction  from  friction,  and  the  resistance  of  the  air;  and  that  a^  one  or  buth 
of  these  are  diminished,  the  motion  becomes  prolonged  and  continuous. 

The  familiar  apparatus  called  the  icind-mili  in  vacuo  is  a  good  illustration  ol 
the  tendency  to  continued  motion  due  U)  inertia — the  usual  causes  of  arrest  <■{' 
motion  being  here  greatly  diminished. 

The  planets  furnish  the  only  example  of  constant  motion.  These  celestial 
bodies,  removed  from  all  the  casual  resistances  and  obstructions  which  distu:!) 
our  experiments  at  the  earth's  surface,  roll  on  in  their  appointed  orbits  with 
faultless  regularity,  and  preserve  unchanged  the  direction  and  velocity  of  the 
motion  which  they  received  at  their  creation. 

27.  Action  and  reaction. — It  follows  as  a  necessary  consequence 
of  the  inertia  of  matter,  that  when  a  body,  itf,  in  motion  strikes 
another  ))ody,  M^y  at  rest,  the  action  of  M  in  imparting  motion  to 
M^  is  exactly  equaled  by  the  power  of  if  to  destroy  motion  in  .V. 
Hence  the  law  that  action  and  reaction  are, always  equal  and  oppositr. 
It  is  here  assumed  that  the  bodies  impinging  are  entirely  devoid  of 
elasticity,  and  so  related  that  after  collision  they  shall  move  on  vla 
one  body.     It  is  also  true  for  elastic  bodies.     See  2  181. 

2  2.  Of  Motion  and  Force. 

I.     MOTION. 

28.  Varietiea  of  motion. — We  distinguish  the  following  van«tiop 
in  the  motion  of  a  body. 

4* 
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a — A  motion  of  translation,  or  direct  motion,  in  which  all  the  points 
of  a  body  move  parallel  to  each  other. 

b^—A  motion  of  rotation,  as  of  a  wheel  on  an  axis,  where  the  dif- 
ferent parts  of  a  body  move  at  the  same  time  in  different  directions. 
Oscillation  or  vibration,  as  in  a  pendulum,  is  only  a  particular  case  of 
rotation. 

c — A  combination  of  translation  and  rotation,  as  in  the  motions  of 
the  earth. 

The  direction  of  motion  is  represented  by  a  straight  line  drawn  from 
the  point  where  motion  commences,  to  the  point  towards  which  the 
body  is  propelled.  The  direction  is  rectilinear,  when  it  is  constantly 
the  same,  and  curvilinear,  when  it  varies  every  moment. 

29.  Time  and  velocity. — ^As  all  the  phenomena  of  nature  may 
be  referred  to  motion,  so  the  succession  of  natural  phenomena  gives 
us  the  idea  of  duration,  or  time.  Day  and  night,  months,  and  the 
order  of  the  seasons,  are  nature's  units  of  time;  but  in  physics  the 
invariable  unit  of  time  is  the  duration  of  a  single  oscillation  of  a  pen- 
dulum, called  a  second^  pendulum,  the  time  of  oscillation  being  a 
second.  The  length  of  such  a  pendulum  at  London  is  39*14056 
English  inches.  The  distance  passed  over  by  a  moving  body,  in  a 
unit  of  time,  is  its  velocity,  represented  by  V  in  physical  formulso. 
This  symbol  obviously  involves  both  time  and  velocity. 

30.  Uniform  motion. — A  body  moving  over  equal  spaces  in 
equal  times  is  said  to  have  uniform  motion.  It  follows  from  the 
property  of  inertia  that  a  body  in  motion,  if  left  to  itself,  will  continue 
its  motion  uniformly  both  in  time  and  direction. 

Proposition  I.  The  distance  passed  over,  in  uniform  velocity,  is  pro- 
portioned to  the  time.  This  follows  directly  from  the  definition  of 
velocity.  Denoting  by  D  the  distance  passed  over,  and  by  7*  the  num- 
ber of  seconds,  we  have 

D=VXT,       V=^,      andr=~-. 

The  first  expression  is  called  the  formula  for  uniform  motion,  and 
the  two  others  serve  to  c(^lculate  the  velocity,  the  distance  and  time 
being  known ;  or  the  time,  the  distance  and  velocity  being  given. 

It  follows  that  if  we  represent  T  by  one  of  the  longer  sides  (A  B)  of 
a  parallelogram,  A  B  C  D,  fig.  3,  and  V  by  one  of  8 

the  shorter  sides  (B  G)  of  the  same  parallelogram, 
then  the  area  of  the  parallelogram  A  B  C  D  represents 
the  distance  passed  over  by  a  moving  body  in  the  num- 
ber of  seconds  denoted  by  T. 

31.  Variable  motion. — In  varying  motion  the  distances  passe^l 
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orer  in  successive  seconds  are  anequal.  In  this  case,  the  velocity  at 
BBj  given  instant,  is  the  relation  between  the  distance  traversed  and 
the  time,  considering  the  time  infinitely  small ;  or  the  distance  that 
would  be  traversed  in  a  unit  of  time,  supposing  the  motion  at  the  given 
instant  to  be  continued  uniform  for  the  unit  of  time. 

32.  Motion  uniformly  varied. — ^When  the  velocity  of  a  body 
increases  by  a  constant  quantity  in  a  given  time,  it  is  said  to  be  tini- 
fomdy  accelerated.  The  increase  of  velocity  in  a  second  is  called  its 
acceleration,  which  will  be  represented  by  v.  Uniformly  retarded 
motion  is  where  the  velocity  of  the  body  diminishes  by  a  uniform 
quantity  in  each  second  of  time. 

Proposition  IL  The  change  of  velocity  in  uniformly  varying  motion, 
at  the  end  of  any  gicen  time,  is  proportional  to  that  lime. 

Let  u  be  the  initial  velocity,  that  is,  the  velocity  at  the  instant  from 
which  the  time  is  computed,  v  the  acceleration  and  V  the  velocity  at 
the  end  of  t  seconds,  then  V=  u±vt.  The  sign  +  corresponds  to  the 
case  of  uniformly  accelerated  motion,  and  the  sign  —  to  that  of  uni- 
formly retarded  motion.  In  the  last  case  the  velocity  becomes  null 
when  u  =  vi,  that  is  at  the  end  of  a  number  of  seconds  represented 
by  ^.  The  above  formula  in  fact  involves  this  proposition.  If  we 
then  make  u  =  0,  that  is,  if  it  be  assumed  that  the  motion  starts 
from  a  stato  of  repose,  we  shall  have  at  the  end  of  the  time  t,  V=  vt. 
This  is  what  we  announced  in  stating  that  the  velocity  acquired,  at  the 
end  of  a  given  time,  is  proportional  to  that  time. 

Proposition  III.  In  uniformly  accelerated  motion  the  distances  parsed 
orcr,  by  a  body  starting  from  a  state  of  rest,  are  proportional  to  the 
squares  of  the  times  employed. 

Representing  the  time  by  the  line  A  B,  fig.  4,  and  the  velocity  at 
tlie  end  of  the  given  time  by  the  line  B  C,  4 

divide  the  time   A  B  into  minute  equal 

part^,  A-1.  1-2,  2-3,  3-4 

The  velocities  acquired  during  the  ^iraes 
represented  by  A  1,  A  2,  A  3,  A  4,  will  be 
represented  by  the  lengths  of  the  several 

lines,  1  a,  2  6,  3  c,  4  r/, which 

are  proportioned  to  these  times.  Suppose,  however,  that  during  each 
minute  portion  of  time  A-1,  1-2,  2-3,  3-4 ,  the  velocity  is  con- 
stant, and  equal  to  that  attained  at  the  end  of  each  interval ;  the  motior 
being  uniform,  the  distances  passed  over  during  these  several  sub* 
divisions  of  time  will  be  represented  (30)  by  the  areas  of  the  parallelo- 
grams 1  a^,  2h\'6c^, ,  and  the  distance  passed  over  at  the 

end  of  the  time  A  B,  by  the  sum  of  these  parallelograms.     This  sum 
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(lliTcrs  from  the  area  of  the  triangle  A  B  C  by  all  that  passed  tlie  line 
A  G.  It  is  evident  that  if  the  time  A  B  had  been  divided  into  a  larger 
number  (say  double)  of  equal  parts,  the  sum  of  the  parallelograms 
would  have  been  less  in  excess  of  the  triangle.  The  diminution  is 
indicated  by  the  areas  shaded  in  the  figure.  In  proportion  therefore 
as  the  subdivisions  of  the  time  A  B  are  more  numerous,  the  sum  of 
the  parallelograms  will  differ  less  from  the  area  of  the  triangle  ABC. 
Finally,  when  the  number  of  divisions  becomes  infinite,  that  is,  when 
the  velocity  varies  in  a  uniform  manner,  the  distance  passed  over 
during  the  time  A  B  will  be  represented  by  the  surface  of  the  triangle 
ABC. 

But  that  area  =  }  A  B  X  B  C.  Substituting  A  B  =  /,  B  C  =  F, 
and  recalling  the  value  of  F  =  v(,  we  have  for  the  distance  passed 
over  Z>  =  iABXBC  or  i)  =  }r^,  a  formula  involving  the  propo. 
sition  stated  above.  This  elegant  demonstration  is  due  to  Galileo,  who 
discovered  the  laws  of  uniformly  varying  motion. 

Corollaries.  Ist,  The  last  formula  shows  that  the  distance  passed 
over,  in  uniformly  accelerated  motion,  by  a  body  which  starts  from  a 
state  of  repose,  is  equal  to  the  distance  it  would  pass  over  with  a  uni- 
form mean  velocity.  2d.  It  follows  also,  from  the  same  formula,  if  we 
represent  by  a  the  distance  through  which  a  body  moves  in  the  first 
second,  we  can  easily  find  the  following  values  for  the  distances  it  will 
move  through  during  each  succeeding  second,  and  also  the  whole  dis- 
tance it  will  have  passed  through  at  the  end  of  each  second. ^ 

Times,  1  2  3  4  5  n 

Successive  distances,      a  3a         5a         7a         9a      (2i»-l)a 

Whole  distances,  a  4a         9a       16a       25a        ii^a. 

The  coefficients  in  the  last  series  are  as  the  squares  of  the  times,  while 
those  in  the  second  series  are  as  the  odd  numbers,  and  are  deduced 
from  the  last  series  by  subtracting  from  each  of  its  terms  the  one 
next  preceding  it.  3c?.  The  distance  passed  over  during  a  given  time, 
in  uniformly  accelerated  motion,  is  equal  to  one  half  the  distance  which 
would  be  traversed  during  the  same  time  by  a  uniform  motion,  with 
the  velocity  acquired  at  the  end  of  the  given  time ;  that  is,  the  velocity 
at  the  end  of  the  time  i  is  equal  to  vi,  and  the  distance  which  it 
traverses  during  the  time  i  is  ivi*,  according  to  the  formula.  4th, 
To  determine  the  velocity  acquired  in  terms  of  the  distance  passed 
over,  it  is  necessary  to  eliminate  i  from  the  equations  V=vt  and 
/>=  Jcf*,  which  gives  V=  \/2  vD. 

The  velocity  is  said  to  be  due  to  the  distance,  (2>,)  an  expression 
which  should  not  be  literally  interpreted. 

Zo.  Compound  motion. — A  body  moving  along  a  right  line  may 
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partake  of  two  or  more  motions,  in  which  case  its  path  will  be  the 
resultant  of  the  combination  of  these  motions.  Such  a  motion  is  called 
a  compound  motion.  Daily  observation  confirms  this  statement,  which 
will  be  sufficiently  illustrated  when  we  consider  the  results  of  com- 
pound Jbrces. 

34.  Parallelogram  of  velocities. — The  composition  and  resolution  of 
relocities  wiJl  be  more  readily  explained  and  illustrated  when  considering  ih« 
forces  in  which  motion  has  its  origin,  as  they  follow  the  same  laws. 

II.    OF  FORCES. 

35.  Definition  of  force. — Bj  force,  as  used  in  mechanics,  we  mean 
any  cause  producing,  or  modifying,  motion.  All  known  forces,  under 
this  definition,  have  their  origin  in  three  causes ;  namely,  1st,  gravir 
tation,  or  the  mutual  attraction  of  bodies  for  each  other;  2d,  the 
unknown  cause  of  the  phenomena  of  lighty  heat,  and  dectricUy ;  and 
3d,  life,  or  the  mysterious  agency  producing  the  motions  of  animals. 

The  study  of  forces  and  their  effects  constitutes  the  science  of 
mechanics. 

30.  Porces  are  definite  quantities. — As  we  readily  conceive  of 
one  force  as  greater  than  another,  so  we  understand  that  forces  are 
equal  when,  operating  in  opposite  directions,  they  mutually  balance 
each  and  produce  equilibrium.  The  same  may  be  true  of  the  action 
of  two,  three,  or  more  equal  forces,  forming,  by  their  union,  double, 
triple,  or  any  higher  combination  of  force. 

To  deternnne  a  force  with  precision  we  must  consider  three  things : 
Ist,  the  point  of  application  ;  2(1,  the  direction ;  3d,  the  intensity,  or 
energy  with  which  the  force  acts. 

It  is  usual  to  represent  forces,  like  other  magnitudes,  by  lines  of 
definite  lengths.  Any  line  may  be  chosen  as  the  unit  of  force.  The 
direction  of  a  line  will  then  represent  the  direction  of  the  force,  starting 
from  the  point  of  application  ;  and  its  length  will  represent  the  magni- 
tude, or  intensity^  of  the  force,  expressed  by  the  number  of  times  that 
it  contains  the  unit  of  force.  A  force  is  therefore  defined  in  each  of 
its  three  elements  by  a  line,  being  thus  brought  within  the  limits 
of  number,  geometry,  and  mathematical  analysis. 

37.  Weight;  Unit  of  Porce;  Dynamometers. — Where  a  body 
is  left  free  to  the  action  of  gravity,  but  is  held  immovably  by  some 
obstacle,  the  ]>res8ure  or  tension  which  it  exerts  on  the  point  of  support 
is  called  its  tceiyhi.  It  is  important  to  distinguish  carefully  between 
the  words  weight  and  gravity.  The  latter  signifies  the  general  cause 
which  produces  the  fall  of  all  bodies  to  the  earth,  while  the  former 
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means  only  the  result  of  the  action  of  that  general  catise  in  the  case 
of  a  particular  body. 

The  common  unit  of  force  is  the  pound  avoirdupois. 

The  weight  of  a  body  may  be  rendered  sensible  by  the  use  of  an 
instrument  called  a  dynamometer,  or  measurer  of  force. 

One  of  the  most  simple  of  these  is  represented  in  fig.  5 ;  it  5 

consists  of  a  steel  spring,  a  C  b.  The  metallic  arc  a  <2  is  fixed 
near  the  end  of  the  limb  C  a,  and  passes  freely  through  an 
opening  in  the  other  limb.  The  graduated  arc  6  e,  is  fixed,  in 
like  manner,  in  the  limb  C  b.  The  amount  of  the  force  ex- 
erted at  the  points  e  and  d,  determines  the  degree  to  which 
the  two  limbs  will  approach,  and  is  represented  on  the  gradu- 
ated arc  in  pounds  and  ounces,  the  graduation  of  the  arc 
being  the  result  of  actual  trial,  by  hanging  known  weights 
upon  the  hook,  and  observing  the  positions  marked  by  the 
index. 

Many  forms  of  dynamometer  exist,  of  which  the  spring  balance,  or 
Le  Roy's  dynamometer,  is  the  most  familiar. 
Le  Roy's  dynamometer,  or  spring  balance,  fig.  6,  consists  of  a  steel 
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Ian,  only  that  the  force  is  exerted  at  the  points  a  and  b,  fig.  7,  which 
are  made  to  approach  by  a  contrivance  similar  to  that  shown  in  fig.  5. 

It  is  evident  that^  in  this  last  arrangement,  the  force  is  applied  in  the 
most  favorable  position  for  producing  the  maximum  efiect  in  collapsing 
the  spring ;  while  in  Rejnier^s  dynamometer,  the  force  is  applied  where 
only  the  minimum  efiect  is  produced,  and  the  instrument  is  therefore 
generally  employed  for  determining  only  very  considerable  forces. 

38.  Eqailibriam. — When  all  the  forces  acting  on  a  body  are  mu- 
tually counterbalanced,  or  neutralized,  they,  and  the  body  on  which 
they  act,  are  said  be  in  equilibrium.  The  word  repose  and  equilibnnm 
are  to  be  carefully  distinguished,  however,  as  signifying  different  con- 
ditions of  a  body.  Kepose  implies  simply  a  state  of  rest,  without 
involving  any  idea  of  motion.  Equilibrium  signifies  the  state  of  a  body 
which,  submitted  to  action  of  any  number  of  forces,  is  still  in  the  same 
condition  as  if  these  forces  did  not  act.  By  the  definition  of  inertia 
(2G)  a  body  may  be  in  motion  without  being  submitted  to  the  action 
of  any  force,  and  it  may  even  continue  its  motion  undisturbed,  although 
it  becomes  subject  to  forces  producing  equilibrium,  since  such  forces 
mutually  neutralize  each  other.  Equilibrium  does  not  therefore  include 
the  idea  of  immobility,  and  thus  the  words  repose  and  equilibrium  have 
signifi<;ations  essentially  unlike. 

Equilibrium  may  exist  without  any  point  of  support  or  apparent 
resistance.  A  balloon  in  the  air,  or  a  fish  in  the  water,  are  examples, 
but  the  balloon  and  fish  arc  balanced  by  counteracting  forces  hereafter 
explained.  What  are  familiarly  known  as  examples  of  stable  or  unsta- 
ble equilibrium  are  only  special  cases  of  the  action  of  the  force  of 
gravity,  to  be  explained  in  their  proper  place. 

39.  Statical  and  Dynamical  forces. — Statics  is  the  science  of 
equilibrium.  It  considers  the  relations  existing  between  the  three 
conditions  (36),  which  are  involved  in  the  case  of  every  force,  in  order 
that  equilibrium  may  result.  Archimedes  was  the  author  of  this  portion 
of  mechanical  science. 

Dt/namics  considers  the  motions  which  forces  produce.  The  founda- 
tions of  this  part  of  mechanical  science  were  laid  by  Galileo  in  the 
early  part  of  the  sevepteenth  century. 

Hydrostatics  and  Hydrodynamics  are  the  principles  of  statics  and 
dynamics  applied  to  the  phenomena  of  rest  and  motion  in  fluids. 

The  distinction  between  statics  and  dynamics  is  so  far  artificial  that 
the  same  force  may,  according  to  circumstances,  produce  either  pres- 
sure or  motion,  without  any  change  in  the  nature  of  the  force. 

40.  Direction  of  force. — It  is  self-evident  that  the  direction  in 
which  a  force  is  applied  must  determine  the  direction  in  which  the 
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body  receiving  the  force  will  move,  if  motion  results,  or  of  the  result- 
ing pressure,  if  the  body  is  not  free  to  move. 

Moreover,  (he  action  of  a  force  upon  a  body  is  independent  of  Us  siaU 
of  rest  or  motion.  Daily  experience  and  observation  confirm  this  state- 
ment, which  is  also  susceptible  of  experimental  proof. 

It  follows :  Ist.  That  if  two  or  more  forces  act  upon  a  body  at  the  same 
time,  each  of  these  forces  produces  the  same  effect  as  if  it  acted  alone, 
since  the  effect  which  each  produces  is  not  dependent  upon  any  motion 
which  the  others  are  capable  of  producing  in  the  same  body. 

2d.  Therefore,  a  body  under  the  influence  of  a  force,  constant  both 
in  direction  and  intensity,  moves  with  a  constantly  accelerated  velocity; 
for  as  in  each  second  the  variation  of  velocity,  p,  is  the  same,  in  / 
seconds  it  will  be  =  vt ;  i.  e.,  at  the  end  of  2  seconds  it  will  be  2r,  of 
3  seconds  3r,  and  so  on.  In  other  words,  it  is  proportional  to  the  time. 
Reciprocally,  3d.  A  body  moving  in  a  right  line  with  a  uniform  accel^ 
ration  is  actuated  by  a  force  of  constant  intensity  acting  in  the  direction 
of  its  motion. 

41.  Measure  of  forces.  Mass. — In  mechanics  forces  are  usually 
measured  by  their  effects  rather  than  by  weight.  The  effects  of  a  force 
depend,  other  things  being  equal,  on  the  mass  of  the  body  acted  on. 

The  mass  of  a  body  is  the  quantity  of  matter  the  body  contains,  and 
is  proportional,  in  the  same  substance,  to  the  number  of  its  molecules. 
Masses  are  equal  when,  after  receiving  for  an  equal  time  the  impulse  oi 
an  equal  and  constant  force,  they  acquire  equal  velocities. 

Since  we  know  forces  only  by  their  effects,  that  is  by  the  amount  of 
motion  or  pressure  they  produce,  let  us  look  for  a  just  measure  of  any 
given  force  in  the  amount  of  motion  which  it  causes.  The  following 
four  propositions  will  render  this  subject  clear. 

42.  Propositions  in  regard  to  forces. — Proposition  I.  Two  con- 
stant forces  are  to  each  other  as  the  masses  to  which  in  equal  times  they 
impart  equal  velocities. 

Consider,  for  example,  n  equal  forces /,/,/,  parallel  to  each  other,  acting  upon 
n  equal  masses  m,  m,  m.  These  masses  receive  equal  velocities,  and  consO' 
quently  preserve  the  same  relative  positions,  and  we  readily  conceive  of  them, 
therefore,  as  bound  together  to  form  one  mass  equal  to  »  X  ">•  This  compound 
mass  (n  X  "0'  ^^  order  that  it  may  possess  the  same  velocity,  r,  which  otiy 
single  mass,  wi,  receives  from/,  must  bo  acted  on  by  the  force  u  \/. 

Proposition  II.  Two  constant  forces  are  to  each  other  as  the  velocitieM 
which  they  impress,  during  the  same  time,  upon  two  equal  masses. 

Suppose  two  forces  F  and  /^  to  be  commensurable,  and  let  I  be  their  common 
measure,  so  that  F  =z  nl  and  P  =  n'l.  Represent  also  by  ti  the  velocity 
which  the  force  I  imparts  at  the  end  of  a  given  time  to  the  common  mMS.   Hie 
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%ta»  nS  mil!  impart  to  thin  mui  th«  rolocttf  F  ^^  wn,  Bioee  ewh  foroa  «qtiiil 
to  I  »<-t«  a«  if  it  wiiris  ■Itm** ;  in  liJie  luauner  tli*j  forcu  h'/  wlJ  Impart  tlie  vdo- 
niljf    P  ^  h'm    to    the   #t^m<i    mm$i.     Theneo   follow  =i    tbb   proportion, 
mi  I  til  ^^nn !  hV*  or  ^'i  F*  ==  T:  F  wliieh  wa*  Iw  Vo  proved* 
tf  Htkt  fareec  compJLrad  «ni  aoi  oammanjnrmblOi  we  mnjit  juyte  f  infiuitoly  umaiL 

F»opo3JTioN  IlL  JW  cowtani /ftrcen  are  to  each  olher  as  the  jn^oducU 
of  tkf  maMne^t  by  tkr  tfthciikt  afhkh  ihci/  impart  tu  ihfiftr  m{tJfjft4  in  ihe 
Mam£  tim<', 

Lwt  F  /"*  Ihv  twi*  furtMn  iictmf;  oti  *^  ■:  two  nia*ee*  Jf  Jl/',  and  ttnp»rtiijg  to  theWi 
p.t  tiiv  uLid  of  the  «iu:ao  timti  tlit?  v^l  ticff  rand  K' ;  uhan  ctnrielditr/ttnoifaeT  fi^ri^tt 
Ahlt*  to  trnp^rt  tr'  tli?  iiiiui»i  if,  lo  iL.  jiittie  timti^  thi?  rulot^tly  f  :  compter  lag  tbe 

f^rnu  /'  kfld/,  tthti'Mp  Ul«  glTOU  t     le  rt  to  t-qual  JJlfiJIftM  J/  iV  UUoqUftl  Vulil- 

rilk*   r  (Mid  y*\  it  folio wi  ftom  Pr  i  IL  that  f  :/^  Vt  V. 

CotA'fArift^  ihti-  (uTt^^/M.tt4  F*t  w  uyATt  to  uae<|ual  iaii>9Ae0  J^nud  M'  cqdol 

Ti3«9iLli'>i  F  *nd  P,  It  ftillow*  IVou*  *  lopoaitioa  I.  that:—/:  i^  ^  J/  ;  Jl'. 

MttUlpijing  the  two  propoflitiona  tsna  bj  term  wo  bjiLVfl  ^:  F*  ^^  MVi  ITF't 
vIlM  wu  t»  h«  proTi^J. 

Fitfiii  thc^Ke  prmeiples  U  rollownif  that  liie  mi^tuiure  uf  any  force  Is 
obtained  by  selecting  some  unit  of  force  to  serve  as  a  term  of  compari- 
son for  all  other  forces ;  such  a  force  acting  on  a  unit  of  mass,  during 
0D«  second  (the  unit  of  time),  should  impart  to  it  a  velocity  or  accele- 
ration of  one  foot,  one  yard,  one  metre,  or  any  other  arbitrary  measure, 
as  one  foot  per  second,  which  latter  measure  we  adopt. 

By  proposition  Moond  we  can  then  find  the  relation  that  any  force  F,  acting 
«n  a  masA  of  matter  daring  one  second,  will  bear  to  the  unit  of  force.  For  if 
f**  is  the  unit  of  force  in  the  proportion  F  :  F'  =  MV  i  il'  P,  then,  by  the  defi- 
nition,  both  M'  and  P  are  equal  to  unity,  and  we  have  /'  ^-^  M  V.  That  is, 
according  to  the  definition,  /'contains  the  unit  of  force  as  many  times  as  there 
are  units  in  the  product  of  the  number  3/  into  the  number  V.  Assume,  for 
example,  that  the  mass  moved  is  equal  to  six  units  of  mass,  and  the  acceleration 
V  in  a  anit  of  time  is  equal  to  ten  feet,  then  the  intensity  of  the  force  is  equal 
to  sixty,  i.  «.,  sixty  times  the  unit  of  force.     Hence  we  deduce  the  following : — 

PaoFOSiTioN  IV.  The  measure  of  a  force  is  ttie  product  of  the  mass 
moved  by  ihe  acceleration,  or  velocity^  imparted  in  a  unit  of  time* 

43.  Momentnm. — The  momentum  of  a  moving  body  is  its  amount 
of  motion,  or  its  tendency  to  continue  in  motion.  The  momentum  of 
dTbody  is  equal  to  its  mass  multiplied  by  its  velocity.  When  a  force 
acts  npon  a  body,  free  to  move,  it  produces  its  effect  as  soon  as  motion 
is  diffused  among  all  the  molecules,  and  the  force  is  then  transferred 
into  the  sabstance  of  the  moving  body.     In  consequence  of  the  inertia 

^  In  all  the  propositions  relating  to  velocity  as  a  measure  of  force,  there  is 
supposed  to  be  no  resistance  to  motion  ,*  the  force  aotini^  only  to  overcome  tha 
inartia  of  the  body. 
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of  matter  (2G),  if  the  moving  body  should  meet  no  resistance,  it  woulJ 
continue  to  move  with  the  same  velocity,  and  in  the  same  direction, 
for  ever.  % 

The  expression  J/i?  represents  the  intensity  of  the  force  which  has 
sot  the  body  in  motion,  and  J/T  represents  the  amount  of  force  that  is 
at  any  time  accumulated  and  retained  by  the  inertia  of  the  moying 
body.  In  either  case  the  moving  body  is  supposed  to  encounter  no 
resistance  from  any  other  object. 

It  is  a  fundamental  principle  in  mechanics  that  the  same  force  octiof^  upon 
different  bodies  in  similar  circumstances  imparts  velocities  in  the  inverse  ratio 
of  their  quantities  of  matter.  If  the  same  force,  in  the  ^senco  of  resistance, 
successively  projected  balls  whose  mosses  were  as  the  Ambers  1,  2,  3,  Aic,  it 
would  impart  to  them  the  velocities  1.  ^,  j,  ifcc,  so  that  a  mass  ten  times 
greater  would  acquire  a  velocity  of  only  i  .  The  product  of  each  of  these 
mas.sos  into  its  velocity  is  the  same,  for  1  X  1  -—  1,  2  X  }  =  1,  Ac. 

When  a  moving  body  encounters  resistance,  depending  not  only  upon  inertia, 
but  also  upon  other  properties  of  matter,  the  effects  produced  depend  upon  the 
rapidity  with  which  the  force,  expressed  by  momentum,  is  brought  to  act  upon 
the  opposing  body.  This  class  of  effects  is,  therefore,  proportioned  to  momen- 
tum, multiplied  by  velocity.  This  product  iVF^  is  called  tt«  rira,  the  applica- 
tion of  which  to  practical  mechanics  will  be  explained  hereafter  (111).  By  the 
principle  that  action  and  reaction  are  equal  (27),  w«  know  that  when  a  musket 
is  discharged  the  force  of  the  explosion  reacts  upon  the  musket  with  the  same 
intensity  as  it  projects  the  ball.  According  to  the  principles  of  momentum,  the 
weight  of  the  gun,  multiplied  by  the  velocity  of  the  recoil,  must  be  equal  to 
the  weight  of  the  ball,  multiplied  by  the  velocity  of  its  projection,  yet  the  recoil 
of  the  gun  is  received  by  the  sportsmen  with  perfect  impunity,  while  the  moving 
bull  deals  death  or  destruction  to  opposing  objects. 

III.     COMPOSITION  OF  FORCES. 

44.  System  of  forces.  Components  and  resultant. — Whatever 
may  be  the  number  and  direction  of  forces  acting  upon  one  point,  they 
can  impart  motion  or  pressure  in  only  one  direction.  Wo  therefore 
assume,  that  there  is  a  single  force  which  can  pn.duce  the  same  action 
as  the  system  of  forces,  and  may  replace  them.  This  is  called  the 
resultant y  and  the  forces  to  whose  effect  it  is  equivalent,  are  termed  the 
comjwncnts.  The  components  and  resultant  may  be  interchanged 
•  without  changing  the  condition  of  the  body  acted  on,  or  the  mechanicai 
effect  of  the  forces  themselves. 

A  force  is  therefore  mechanically  equivalent  to  the  sum  of  its  com- 
ponents. On  the  other  hand,  any  number  of  forces  are  mechanically 
equivalent  to  their  resultant.  As  we  know  forces  only  by  their  effects 
in  producing  motion  or  pressure,  any  forces  which  produce  equal 
motions  or  pressures  are  equal.  We  shall  proceed  to  illustrate  this 
proposition  in  a  few  particular  cases. 

4^,  The  parallelogram  of  forcea. — It  has  already  been  stated  thai 
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forces  may  be  represented  by  lines,  both  in  direction  and  intensity ; 
a] 80,  that  two  forces  acting  on  the  same  or  equal  masses  of  matter, 
are  to  each  other  as  their  velocities,  or  F^ :  F^^  =  V^  :  Y^\  The  same 
principles  will  therefore  apply  to  the  combinations  of  forces  that  apply 
to  the  combinations  of  velocities  or  of  motions. 

When  several  forces  act  on  a  body,  they  may  be  arranged  in  three 
ways,  according  to  their  direction.     The  forces  may  act, 

1.  All  in  one  direction ; 

2.  In  exactly  opposite  directions ;  or 

3.  At  some  angle. 

In  the  first  ca^e,  the  resultant  is  the  sum  of  all  the  forces,  and  the 
direction  is  unaltered.  In  the  second,  the  resultant  is  the  difference 
of  the  forces,  and  takes  the  direction  of  the  greater.  If  opposite  forces 
are  equal,  the  resultant  is  nothing,  and  no  motion  is  produced.  In  the 
third  case,  a  resultant  is  found  to  two  forces,  whether  equal  or  unequal, 
by  the  parallelogram  of  forces,  according  to  the  following  law.  By 
any  number  of  forces  acting  together  for  a  given  time,  a  body  is  broughf 
to  the  same  jylace  as  if  each  of  the  forces,  or  one  equal  and  parallel  to  it, 
had  acted  on  the  body  separately  and  successively  for  an  equal  time. 

Suppose  two  forces,  at  right  angles  to  each  other,  act  sinmltaueDUsly 
on  the  point  a,  fig.  8,  one  in  the  direction  a  Zj  8 

and  the  other  in  the  dircctlou  a  y.     Let  one  .  ♦ 
force  be  such  that,  in  a  given  time,  as  a  second,      I  y^ 

it  will  move  the  point  from  a  to  6,  while  the 
other  will,  in  the  same  time,  move  it  from  a  to 
c,  then  })y  the  joint  action  of  both  forces  it  will 
l>e  impelled  to  r  in  the  same  time.  The  first 
force,  bv  its  separate  action,  would  impel  the      «"  ^  " 

body  to  b  in  one  second,  and  if  it  were  then  to  cease,  the  second  force, 
or  one  equal  and  parallel  to  it,  would  impel  the  body  to  r  in  the  samo 
time ;  or  the  body  might  be  carried  from  a  to  c,  and  from  c  to  r ;  in 
either  cane  the  result  is  the  same. 


If  a  b-=  Xy  ac~  Y,  and  a  r  =  R,  then  U  =  \/ X^  -f  F'  If  we  call 
the  angle  r  a  6  —  a      os.  a  — -|,      andsin.  «  =  — . 

Again,  suppose  the  forces  act  at  an  oblique  angle ;  let  the  point  P, 
fig.  9,  be  acted  on  by  two  forces  in  the  directions  P  A  and  P  B.  On 
P  A,  measure  Pa,  containing  as  many  units  of  length  as  the  force  A 
contains  units  of  force ;  and  on  P  B  take  P  6  in  tlie  same  manner. 
Complete  the  parallelogram  P  a  c  6  ;  the  diagonal  P  c  will  reprc- 
aent  the  direction  of  a  single  force  C,  equivalent  to  the  combined  cfi'ect 
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of  A  and  B,  and  P  c  will  contain  as  many  units  in  length  as  C  con 
tains  units  of  force. 

In  the  same  manner  a  result-  9 

ant  may  be  found  for  three  or 
any  number  of  motive  forces,  by 
compounding  them,  two  by  two, 
successively. 

In  the  triaoj^le  P  a  e,  fig.  9,  the 
sides  a  P  and  a  ci=  P  2>,  are  known, 
and  also  the  angle  P  a  c,  which  is 
the  supplement  of  the  angle  a  P  6, 
formed  by  the  directions  of  the 
forces.  We  may  therefore  calculate 
the  side  Pe,  that  is,  the  intensity 
of  the  resultant,  and  the  angle 
a  P  e,  which  determines  its  direc- 
tion. 

Let  the  point  a,  fig.  10,  be  subjected  to  the  forces  whose  magnitudes 
and  directions  are  represented  by  the  lines  a  &,  a  C,  and  a  d.  We  first 
take  any  two  which  lie  in  10 

the  same  plane,  as  a  &  and  ^ 

aC,  and  find  their  result- 
ant a  X ;  and  compounding 
this  with  the  third  force  a  d, 
/re  find  ay^  which  will  re- 
present the  magnitude  and 
direction  of  the  general  re- 
sultant of  all  three  forces. 

The  resultant  of  any  num- 
ber of  forces  can  therefore 

be  determined  by  geometrical  construction,  or  calculated  from  well 
known  geometrical  principles. 

This  system  of  compounding  forces  is  called  the  parattehgram  of 
forces,  and  applies  equally  to  the  combination  of  velocities  or  motions. 

In  order  that  the  body  may  move  in  the  straight  line  a  r  (fig.  8),  the 
two  forces  must  act  in  the  same  manner.  They  may  be  instantaneous  im- 
pulses, which  will  cause  uniform  motion ;  or  both  may  act  continuously 
and  uniformly,  so  as  to  produce  a  uniformly  accelerated  motion ;  or, 
both  forces  may  act  with  a  constantly  varying  intensity,  increasing  op 
diminishing  at  the  same  rate,  and  the  body  will  still  move  in  a  straight 
line.  But  if  one  force  is  instantaneous  and  the  other  constant,  or  one 
constant  and  the  other  variable,  or  both  varying  by  different  laws,  then 
the  body  will  move  in  a  curve ;  but  in  every  case  it  will  reach  the  point 
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r  in  the  same  time  that  it  would  have  passed  from  a  to  6,  or  from  a  to  c, 
bj  the  separate  action  of  either  force. 

If  the  three  forces  a  6.  a  C,  and  a  d,  all  pass  through  the  same  point, 
we  may  construct  a  parallelopipedon,  as  shown  in  fig.  10,  and  a  y,  the 
diagonal  of  the  parallelopipedon,  will  represent  the  direction  and  inten- 
sity of  the  resultant  force.  This  method  of  compounding  forces  is  called 
the  parallelopipedon  of  forces. 

Examples  of  the  compoBition  of  motion  and  force  are  of 
constant  and  familiar  occurrence. 

A  man  in  ewiminiug,  impels  himself  in  a  direction  perpendicular  to  his  feet 
and  bands,  and  if  the  forces  are  equal  on  each  side,  ho  will  moTO  in  a  resultant 
line,  pa'^siug  through  the  centre  of  his  body.  Another  instance  is  the  flight  of 
birds*.  While  flying,  their  wings  perform  symmetrical  movements,  and  strike 
against  the  air  with  equal  force. 

In  the  case  of  flying  birds,  the  resistance  of  the  air  is  perpendicular 
to  the   surface  of  the  wings,  and  11 

m;ij  be  represented,  fig.  11,  V)y 
C  A  aii'l  1)  A,  lit  right  angles  to 
t)ieir  surface.  Neither  of  these 
pr<"-sures  tends  to  impel  the  bird 
straight  forward,  but  it  moves  in 
their  remltant ;  for  if  the  wings 
are  equally  extended,  and  act  with 
equal  force,  the  lines  C  A  and  D  A 
make  equal  angles  with  A  B,  pass- 
ing through  the  centre  of  the  bird, 
and  hence  their  diagonal,  or  A  G, 
the  diagonal  of  equal  parts  of 
them,  will  coincide  with  A  B,  and  the  bird  will  fly  directly  forward. 

46.  Parallel  forces.  Resultant  of  unequal  parallel  forces. — 
Two  forces,  acting  side  by  side,  produce  the  same  effect  as  if  they  were 
in  the  same  straight  line.  Two  horses  drawing  a  cart  is  an  example. 
Hence  the  resultant  of  two  parallel  forces  acting  in  the  same  direction 
is  equal  to  their  sum,  and  is  parallel  to  them,  and  when  they  are  eriual, 
is  applied  midway  between  them. 

If  the  parallel  forces  are  unequal,  the  point  of  application  of  the 
resultant  may  be  found  by  the  following  experiment.  Let  A  B,  fig.  12, 
a  bar  of  uniform  thickness  and  density,  be  balanced  on  its  centre  C. 
We  may  suppose  the  bar  to  be  divided  into  two,  A  D  and  I)  B,  of 
unequal  lengths,  which  might  also  be  balanced  on  their  centres  E 
and  F.  Now  we  have  two  parallel  and  unequal  forces — the  weight 
of  A  1)  and    the  weight  of  D  B — whose   resultant   is    not   midway 
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between  their  points  of  application,  E  and  F,  bat  paAses  throagb  C, 

which  is  nearer  £  than  F  in  the  exact  ratio  that  the  force  at£  exceeds 

that  at  F ;  for  the  weights  12 

of  the  two  bars  are  as  their       ^ 

length 8»  and  C  E  measures       r — ^ ^ n 


half  the  length  DB,  and  W        /j  jp 

CF  half  the  length  of  AD;  0      /l  O 

BO  that  C  E  is  to  C  F  in-  LA 

tersely  as  the  weight  at  £  is 

to  the  weight  at  F.  The  truth  of  this  conclusion  may  be  tested  by  sus- 
pending at  £  and  F  two  additional  weights  which  have  the  same  ratio 
to  each  other  as  A  D  to  D  B,  and  the  equilibrium  will  be  undisturbed. 

Hence  the  resultant  of  two  parallel  but  unequal  forces  is  equal  to 
their  sum,  and  its  distances  from  them  are  inversely  as  their  intensities. 
Thus,  in  fig.  13,  if  any  two  parallel  18 

forces  act  at  A  and  A^,  and  their  inten- 
sities are  expressed  by  A  B  and  A''  B'', 
then  their  resultant  will  be  repre- 
sented by  P  R,  provided  it  acts  at  P, 
a  point  so  situated  that  P  A^ :  P  A  = 
A  B :  A^  B^.  The  same  will  be  true 
whatever  be  the  common  direction  of  "  ;^-... 

the  forces ;  if  the  positions  of  A  B  and  *  c       ^-^ 

Af  W  are  changed  to  A  C  and  A^  C^, 
then  P  R  must  move  to  P  R'',  and  equilibrium  equally  obtains. 

47.  Resultant  of  two  parallel  forces  acting  in  opposite  direc- 
tions.— The  resultant  of  two  parallel  forces,  which  14 

act  in  opposite  directions,  is  found  by  the  same  con- 
struction as  before,  but  it  is  equal  to  the  difference 
of  the  intensities  of  its  components,  and  takes  the 
direction  of  the  greater.  Its  point  of  application, 
fig.  14,  is  in  the  prolongation  of  the  line  A  B,  at  tire 
point  G,  situated  so  that  C  B  and  C  A  are  in  the  in- 
verse ratio  of  the  forces  Q  and  P.  The  point  C  will 
be  further  removed  as  the  difference  between  the 
forces  P  and  Q  are  diminished,  so  that  if  the  forces 
were  equal,  the  resultant  would  be  nothing,  and  situated  at  an  infinite 
distance. 

The  general  resultant  of  any  number  of  parallel  forces  may  be  found 
by  compounding  them,  successively,  two  by  two,  in  the  methods  already 
prescribed. 

48.  Couples. — Whenever  a  body  is  solicited  by  two  forces  which 
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mn  equal,  ftanllcly  mod  aotiDg  in  opposite  direetkme,  it  ie  imposdble  to 
replaee  them,  or  produce  equilibrhim  bj  a  single  foroe.  Sadi  a  sjs- 
lem  of  forces  is  oidled  a  couple,  and  its  tendency  is  to  prodnee  rsTolii 
tion  anmnd  an  axis.  In  this  case,  the  Talne  of  the  resultant  is  e^identlj 
eqnal  to  sero»  and  the  pcmit  of  application  is  also  at  an  ininite  distanoe 
fixMn  the  pcnnts  of  application  of  the  two  equal  components. 

49.  Two  foroaa  not  panUel  and  applied  to  diffaront  poiiita 
maj  have  a  resnltant^  if  they  lie  in  the  same  plane.  It  is  found  by 
extending  the  lines  of  dbection  until  they  interseok  But  if  the  forces 
are  not  paraDeU  and  lie  in  diiferent  planes»  then  tiie  directions,  though 
mfinitely  pndonged,  will  ne? er  intersects^  and  they  cannot  have  any 
single  resultant,  or  be  in  equilibrium  by  any  sin^e  foce. 

50.  TlM  rasfdntioa  of  farooa  is  the  ocwTene  of  th«r  composition. 
IKnoe  two  or  more  forces  can  be  replaced  by  a  single  force,  so,  com- 
monly, we  may  substitute  two  or  more  forces  for  one ;  and  since  an 
infinite  number  of  systems  may  haye  the  same  resultant,  conversely,' 
one  force  may  be  replaced  in  innumerable  ways  by  a  system  of  sereral 
forces.  But  if  one  of  two  required  components  is  given  in  magnitude 
and  direction,  there  can  be  but  one  solution,  and  the  problem  is 
definite. 

When  a  force  acta  upon  a  body  at  any  other  than  a  right  angle,  a 
part  of  its  effect  is  lost.  By  resolving  such  an  oblique  force  into  two, 
one  parallel,  and  the  other  perpendicular  16 

to  the  body,  the  latter  component  will  re-  jf  ^ 
present  the  actual  force  produced.  Let  a  &, 
fig.  15,  represent  a  force  acting  under  the 
angle  ab  c  against  the  surface  M  N.  Re- 
solve a  b  into  a  c  perpendicular  to  M  N, 
and  a  d  parallel  with  it ;  then  a  c  will  be 
the  absolute  effect  of  the  force,  and  a  b — 
a  e  is  the  loss. 

Example  of  the  reaolntion  of  force. — The  sailing  of  a  boat  in  a 
direction  different  from  the  wind  is  a  most  familiar  illustration  of  these 
principles.  For  example :  the  wind  blows  in  the  direction  v  a,  fig.  16, 
oblique  to  the  sail,  and  to  the  course  of  the  boat,  and  its  force  is 
resolved  into  two  components,  one  acting  in  the  direction  c  a,  impelling 
the  boat  on  its  course  in  the  line  of  least  resistance,  the  other  in  the 
direction  6  a,  acting  to  carry  the  boat  laterally  on  in  the  line  of  greatest 
resistance.  As  the  model  of  the  boat  allows  it  to  advance  freely  through 
the  water  in  the  direction  c  a,  while  it  offers  great  resistance  to  lateral 
motion,  the  force  of  the  wind  resolved  in  the  direction  b  a  produces 
little  efect  upon  the  motion  of  the  boat,  she  being  held  to  her  course 
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by  tlio  rudder.     A  skillful  sailor  can,  by  thus  availing  himself  of  the 
principles  of  resolution  of  force,  sail  bis  vessel  on  a  course  within  five 


16 


or  six  points*  of  being  directly  opposed  to  the  wind  which  impels  it. 

IV.    CURVILINEAR  MOTION — CENTRAL  FORCES. 

51.  Of  curvilinear  motion. — It  has  been  shown  that  a  body  acted 
upon  by  two  forces  \»nll  move  in  a  direction  which  is  the  resultant  of 
the  two  forces.  If  one  of  two  forces  acting  upon  a  body  is  a  continu- 
ous force,  acting  in  a  direction  tending  to  turn  the  body  out  of  the 
course  it  receives  from  the  other,  the  resultant  will  not  be  a  straight 
line,  but  a  curve,  having  its  concavity  turned  towards  the  direction  of 
the  continuous  force.  If  at  any  instant  the  continuous  force  ceases  to 
act,  the  body  will  continue  to  move  in  the  direction  in  which  it  was 
moving  when  the  constant  force  ceased  to  act.  This  direction  will  be  a 
tangent  to  the  curve  at  that  point. 

52.  Centrifugal  and  centripetal  forces. — Let  us  consider  a  mate- 
rial point  moving  with  a  uniform  velocity  in  the  circumference  of  a 
circle.  The  resultant  of  the  forces  acting  on  the  particle  will,  there- 
fore, by  the  necessity  of  the  case,  pass  through  the  circumference  of 
the  circle.  In  this  case  the  force  which  prevents  the  moving  particle 
from  darting  off  in  a  tangent  to  the  circle  is  called  the  centripetal,  or 
centre-neeking,  force.  This  force  at  every  instant  arrests  the  tendency 
of  the  particle  to  fly  away  from  the  centre.  The  tendency  of  the  par- 
ticle to  fly  away  from  the  centre  is  called  the  centrifugal,  or  centre- 
flying,  force.  These  two  forces  are,  together,  termed  central  forces. 
They  are  necessarily  antagonistic  to  each  other  at  every  instant  of  cur- 
vilinear motion. 


*  A  circle  is  divided  into  four  qaadranta,  and  each  quadrant  into  eight  polntf« 
according  to  the  phraseology  of  Beamen. 
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To  anderatand  the  antagonism  of  central  forces,  take  me,  fig.  17,  an  infi- 
nitelj  small  arc  of  the  circumference,  and  making 
with  the  direction  c'  m  a,  of  the  preceding  element 
e'  m,  an  infinitely  small  angle  a  me.  Join  the  extremi- 
ties of  the  element  m  c  with  the  centre  of  the  circle  by 
the  radii  m  C,  c  C,  and  draw  6  c  parallel  to  m  a.  Since 
mc  hi  considered  infinitely  small,  a  c  and  m  6  are 
parallel  to  each  other,  and  macb  is  a  parallelogram. 
Therefore  it  follows  by  the  parallelogram  of  forces, 
that  while  the  body  was  moving  over  the  arc  me  it 
would  in  the  same  time  have  passed  over  the  space 
m  a,  in  virtue  of  the  velocity  acquired  in  passing 
uver  c'  m,  if  no  other  force  intervened ;  while  by  reason 
of  the  central  force  acting  from  m  to  c,  it  would  have 
parsed  over  the  space  m  6,  had  it  not  been  for  the 
original  impulse  e'  fn.  This  is  the  centripetal  force, 
and.  compounded  with  the  original  impulse,  c'  m,  the 
particle  follows  the  resultant  m  c. 

Draw  now  a  d  parallel  to  m  c,  forming  the  second  parallelogram  mead.  The 
Telocity  of  the  particle  following  the  diagonal  m  a  may  be  decomposed  int^he 
two  componentK ;  one  in  c  in  the  path  of  the  circular  motion,  and  the  seWbd 
vtd  following  the  radius.  This  quantity  {nid)  represents  the  ccntri/ityal  force, 
and  a.i  m  d  -^  a  c  r^  m  6,  it  follows  that  at  each  instant  of  the  circular  motion 
the  contripctal  and  centrifugal  forces  exactly  counterbalance  each  other,  and 
that  the  sole  resulting  motion  ia  in  the  arc  mc.  If  at  any  instant  the  centri- 
petal force  ccafcs  to  act,  m  a,  the  resultant  of  the  forces  m  c,  m  d,  will  throw  the 
particle  in  the  path  of  the  line  c'  m  a  tangent  to  m.  The  term  centrifugal  force 
mugt  not  be  understood  to  mean  a  force  which  would  cause  the  body  to  fly 
directly  from  the  centre,  since  as  we  have  seen  it  muyt  in  that  case  move  also 
in  the  tangent. 

EzampleB  of  the  action  of  centrifugal  force. — A  stone  flies  from 
a  sling  with  a  velocity  equal  to  the  force  acquired  by  its  revolution  at 
the  moment  when,  by  releasing  one  of  the  strings  from  the  finger,  it 
flies  oflf  in  a  line  tangent  to  the  point  of  release.  The  water  flies  from 
a  grindstone,  or  mud  from  a  carriage  wheel,  whenever  the  centrifugal 
force  due  to  the  velocity  of  revolution  is  sufficient  to  overcome  the  force 
of  adhesion.  The  rapidity  of  revolution  may  be  sufficient  in  a  grind- 
stone to  overcome  the  cohesion  of  the  particles  of  the  stone,  when  it 
bursts  with  a  loud  explosion,  carrying  death  and  destruction  in  its  path. 
A  pail  filled  with  water  may  be  whirled  with  such  velocity  that  the 
centrifugal  force  overcomes  the  force  of  gravity,  and  the  liquid  is  not 
spilled. 

53.  Experimental  demonstration  of  the  effects  of  centrifugal 
force. — The  effects  of  centrifugal  force  may  be  illustrated  by  the  appa- 
ratus represented  in  fig.  18.  A  wire  is  stretched  upon  a  frame  a  6,  con- 
nected with  an  upright  shaft,  which  is  made  to  revolve  rapidly  by  means 
of  a  cord,  as  shown  in  the  figure.  Two  perforated  balls,  united  by  a  string, 
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slide  freely  upon  the  horizontal  wire.  If  the  two  sliding  balls  are  of  equal 
weight,  and  are  placed  at  equal  distances  from  the  axis  of  rotation,  still 

18 


united  by  the  string,  they  will  retain  the  same  position  with  any  velo- 
city of  rotation  which  may  be  given  to  the  apparatus ;  but  if  one  of  the 
balls  is  more  distant  from  the  axis  than  the  other,  it  will  draw  the 
other  along  with  it,  and  both  balls  will  strike  the  support  on  the  same 
side,  provided  the  distance  between  the  balls  is  less  than  half  the  line 
a  6.  If  the  two  balls,  united  as  before,  and  placed  at  equal  distances 
from  the  axis,  have  unequal  masses,  the  heavier  ball  will  draw  the 
other  towards  its  own  side  of  the  apparatus.  Two  unequal  balls, 
united  in  the  same  manner,  will  remain  at  rest,  if  their  distances  from 
the  axis,  on  opposite  sides,  are  in  the  inverse  ratio  of  their  masses. 
Admitting  that  the  centrifugal  force  is  proportional  to  the  mass  of  the 
body,  these  experiments  prove  that  the  centrifugal  force  is  proportional 
to  the  radius  of  the  circle  described,  when  the  times  of  revolution  are 
the  same. 

To  demonstrate  the  effects  of  centrifugal  force  in  liquids,  the  appa- 
ratus shown  in  the  upper  part  of  fig.  19  is  attached  by  screws  to  the 
coupling  at  the  top  of  the  re-  19 

volving  shaft  shown  in  fig.  18. 
Two  flasks  with  long  necks  are 
placed  obliquely,  communica- 
ting with  a  reservoir  filled  with 
liquid  placed  at  the  middle  of  ' 
the  bar  which  supports  them. 
Ajb  the  apparatus  is  rapidly  re- 
volved, the  liquid  rises  into  the  flasks,  and  again  descends  when  the 
motion  is  arrested.  If  the  vase,  fig.  20,  containing  water,  is  attached  to 
the  machine,  and  made  to  revolve,  the  surface  of  the  water  becomes 
concave,  the  water  rising  by  the  sides  of  the  glass,  the  surface  becom- 
ing more  deeply  concave  as  the  motion  becomes  more  rapid.  The  piece 
of  apparatus  shovm  at  the  bottom  of  fig.  19  carries  two  inclined  tubes, 
one  enclosing  water  and  a  metallic  ball,  the  other  water  and  a  ball  of 
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wood  floating  on  its  surface.  As  the  rotation  becomes  rapid,  the  water 
rises  to  the  top  of  the  tubes,  the  ball  of  wood  then  descends,  and  takes 
a  position  on  the  inferior  surface  of  the  liquid,  while  the 
metallic  ball  advances  through  the  liquid,  and  rises  to 
the  most  elevated  extremity  of  the  tube  which  contains  it, 
the  liquid  itself  rising  to  the  exterior  end  of  the  tube. 

The  differ<;nt  effect  upon  the  two  balls  results  from  the 
fact  that  the  metal  has  a  greater  mass  than  an  equal 
volume  of  the  liquid,  while  the  contrary  is  true  of  the 
wood ;  the  centrifugal  force  being  in  proportion  to  the 
mass,  the  tendency  is  to  carry  the  denser  substance  to  the 
greater  distance  from  the  axis  of  rotation. 

If  a  tube  contains  different  liquids  incapable  of  acting  chemically 
upon  each  other,  they  will  place  themselves,  during  rapid  rotation,  in 
such  an  order  that  the  denser  fluid  will  be  more  distant  from  the  axis, 
the  outward  tendency  being  directly  proportional  to  the  mass  of  matter 
in  a  given  volume.  These  effects  do  not  take  place  till,  by  the  rapidity 
of  revolution,  the  centrifugal  force  becomes  greater  than  the  force  of 
gravity.  The  common  circular  or  fan  blowing  machine  is  an  example 
of  the  action  of  centrifugal  force  on  bodies  in  a  gaseous  condition. 
A  centrifugal  pump  has  been  devised  acting  in  this  manner.  The  fan- 
blowor  is  also  used  as  a  ventilator,  drawing  its  supply  of  air  from  the 
space  to  be  ventilated,  to  supply  that  thrown  out  by  the  tangential 
opening. 

The  centrifugal  drying  machine  for  laundries  consists  of  a 
very  large  upright  cylinder,  having  a  smaller  cylinder  within  it.  The 
circular  chamlier  between  the  two  cylinders  is  closed  by  covers,  by  open- 
ing which  the  linen  to  be  dried  can  be  introduced.  The  bottom  of  this 
chamber  is  pierced  with  holes  like  a  sieve,  through  which  the  water 
expressed  from  the  linen  can  flow  off.  A  rapid  rotation  being  given  to 
this  cylinder,  the  linen,  by  the  effect  of  centrifugal  force,  is  urged 
against  the  exterior  surface  of  the  cylinder,  and  is  there  scjueezed  with 
a  force  whi^jh  increases  with  the  rapidity  of  rotation,  by  the  effect  of 
which  the  water  is  pressed  out  of  it,  and  escapes  through  the  holes  in 
the  bottom.  A  rotation  of  25  turns  per  second,  or  1500  per  minute,  is 
given  to  these  drying  cylinders,  by  which  the  linen,  however  moist  it 
may  be,  is  rendered  so  nearly  dry  that  a  few  minutes'  exposure  in  the 
air  renders  it  perfectly  so.  In  large  linen  manufactories  this  machine 
produces  a  great  saving  of  labor  in  the  laundry  department. 

In  the  motion  of  the  heavenly  bodies  wo  find  the  most  wonderful  examples 
of  the  action  of  central  forces,  acting  as  they  do  to  prevent  the  moon  from  fall- 
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ing  upon  the  earth,  and  the  planets  into  the  sun.     The  action  of  centrifugal 
force  will  be  further  considered  in  connection  with  terrestrial  gravity. 

54.  Analysis  of  the  motion  produced  by  central  forces. — 

Let  a  body  placed  at  a,  fig.  21,  receive  an  impulse  which  would  carry  it  to  «{ in 
one  second,  or  any  small  portion  of  a  second,  and                   21 
let  it  be  attracted  towards  c  by  a  constant  forct 
which  would  move  it  to  6  in  the  same  time  that  the  ' 
first  impulse  would  carry  it  to  df  then  by  the  prin- 
ciples of  the  composition  of  forces  it  will  be  found 
at  the  end  of  the  given  time  at  e,  and  if  the  attrac- 
tive force  should  theu  cease  it  would  continue  to 
muvn  in  the  direction  «  m.     If  the  attractive  force 
continues,  the  body  will  be  found  at  g  at  the  end 
uf  the  second  period.     As  the  central  force  is  con- 
tinually acting,  the  body  will  diverge  more  and     Uv;.'.'. Ap 

more  from  the  direction  of  the  first  force,  and  will  "^ 
describe  a  curve.  As  the  attractive  force  acts 
always  towards  the  central  point  c,  the  body 
will  revolve  around  that  point.  If  the  relation  of 
the  two  forces  is  such  that  ce,  cjr,  Ac,  are  each 
equal  to  o  a,  the  curve  of  revolution  will  be  a 
circle.  In  most  other  cases  the  curve  of  revolution 
will  be  an  ellipse. 

If  the  curve  described  is  a  circle,  and  we  assume  • 
the  arc  a  e  to  be  very  small,' it  will  not  sensibly  differ  from  a  straight  line,  and 
according  to  well  known  geometrical  principles  we  shall  have 

a  b  :  ae  z=::  a  e  :  a  o. 


ab  : 


a  o 


That  is,  the  centrifugal  and  centripetal  forceu  of  a  body  deeeribxng  a  circle 
with  nni/orm  velocity  are  directly  proportional  to  the  nquare  of  the  velocity^  and 
tnverteiy  ae  the  diameter  of  the  circle. 

The  relation  of  these  forces  may  bo  expressed  differently.  Considering  a  e 
as  the  space  described  in  one  second,  it  will  be  the  velocity  of  the  body ;  but  in 
curvilinear,  just  as  in  rectilinear  movement,  the  velocity  is  equal  to  the  distance 
divided  by  the  time,  i .  c,  equal  to  the  circumference  of  the  circle  divided  by  the 
time  of  revolution.  Let  R  represent  the  radius  of  the  circle,  T  the  time  of 
revolution,  o  the  velocity,  and  tt  the  ratio  of  the  circumference  to  the  diameter,* 

and  we  shall  have  a  e  =  o  =  .     Substituting  this  value  of  a e  In  the  pre- 
vious equation,  and  considering  that  a  o  =  2/?,  we  shall  have 

~  2BT^  ~  1^ ' 
Therefore  the   attractive  force   would  generate  in   one  second  a  Teloci^ 


*  The  ratio  of  the  circumference  of  a  circle  to  its  diameter  is  3*14159,  and 
this  number  is  usually  represented  by  the  Greek  letter  tt  in  mathematioal  fbr- 
mulse. 
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«x^Te»«d  b;  IwiM  m  t,  ibm  dUlui»  pmaied  orer,  eqnnl  to  '     '   ,     The   uisiilar 

¥dn«ity  per  leesoitd  is  ejiprefl««d  by  Cbe  aiotiial  telooityj  div^ided  bj  the  imdiai ; 
miOa^  thl«  ftngnW  ralocity  V,  we  hiTa 

r» 

dk*  (Ac  rud'i««  o/*  th*  cirtrlt  fi/'  rtvoliHi^tti  mu^tipti^d  hjf  the  tquaf*  a/  ih%  nugnlQr 
^fiitixttjf,  AUo  if  twv  hudicM  »tnw  in  dijl'tr^tnt  circlet  a«d  it*  di^eifent  tittitm,  tArt'r 
iBmkiri/m^l  u«<i  ctnitip^Kkt  furcct  teiU  it  dirtc^tl^  n§  the  radii  tif  tkei^  circUtfitud 

It  ia  iXm^  cvideae  tb»t  tliv  euitrifMic*!  I^ircv  U  proportioQ&l  to  tbe  mMJtit  or  ib« 
body. 

'  55.  Bol&iieiibei^ef^i  apfxeuratua. — Iti  coD»equeDce  of  the  operatiOQ 
of  th«  law  of  inertia,  moving  bodies  preserve  their  planes  of  motion, 
ThU  10  true  as  well  of  planes  of  rotAtion  aa  of  plu&ea  in  a  re^tilmcar 
direction ,  B j  m  ean  eit  of  Bohti  en  berger 'a  ap  paratua  ^ 

we  ma  J  ilJu»trate  Ihe  tendency  of  rotating  bodies 
to  preserve  their  plane  of  rotation ^  and  the  invaria- 
Inlitj  gf  the  axi»  of  the  earth  during  ita  revolution. 
Bt^hneDberger's  apparatus  eonstaU^  of  three  rings, 
AAA,  fig,  22,  placed  one  wit  tun  the  other ;  tha 
two  inner  ones  are  movable,  and  connected  bj 
pins  at  Hght  angles  to  each  other,  In  the  same 
way  as  the  j^imbals  that  support  a  compass.  In 
the  amalleflt  ring  th(^ro  U  a  heavy  metallic  hall 
B  supported  on  an  axis,  which  also  carries  a  little  pulley  c.  The  ball 
19  set  in  rapid  rotation  by  winding  a  small  cord  around  c,  and  suddenly 
palling  it  off.  The  axis  of  the  ball  will  continue  in  the  same  direc- 
tion, no  matter  how  th«  position  of  the  rings  may  be  altered  ;*and  the 
ring  which  supports  it  will  resist  a  considerable  pressure  tending  to 
displace  it. 

56.  Parallelogram  of  rotations. — It  has  been  shown  (48)  that 
rotary  motion  is  produced  by  two  equal  parallel  forces  acting  in  oppo- 
site directions.  If  two  new  equal  parallel  forces  act  upon  the  same 
body,  tending  to  produce  rotation  about  another  axis  situated  in  the 
same  plane,  the  compound  resultant  will  tend  to  produce  rotation  about 
a  third  axis,  situated  in  the  same  plane,  between  the  directions  of  the 
other  two. 

Let  tbe  irregular  body  shown  in  fig.  23,  while  rotating  about  the  axis 

A  X  be  suddenly  acted  upon  by  forces  tending  to  produce  rotation  about 

the  axis  AY.    Suppose  the  parts  of  the  body  lying  between  A  X  and 

A  Y  to  be  impelled  in  opposite  directions  by  the  two  rotary  forces. 
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Take  any  point,  as  P,  and  drawing  from  P  perpendiculars  apon  the 
two  axis,  let  P  C  =  y  and  P  B  =  a;,  also  let 
V  represent  the  angular  velocity  about  the 
axis  A  X,  and  t/  the  angular  velocity  about 
the  axis  A  Y,  then  will  vx  —  t/y  express 
the  resultant  force  exerted  upon  the  point 
P.  Now  since,  if  the  point  P  were  taken 
in  the  axis  A  X,  we  should  have  0x  =  0,  and 
if  P  were  taken  in  A  T  we  should  have  i/y 
=:  0,  it  is  evident  that  P  may  be  so  taken 
that  vx  —  t/y  =r  0,  or  tw  =  t/y.  Lay  off  on  A  X  a  distance  A  £,  such 
that  A  E :  A  C  ==  0 :  t/,  construct  the  parallelogram  A  C  D  E,  and  draw 
the  diagonal  A  D ;  then  AE:AC  =  DC:DE  =  r:f/=y:x.  But. 
every  point  on  the  line  AD  X""  will  have  the  same  relation  to  the  axis 
A  X  and  A  Y.  Hence  every  point  in  this  line  will  remain  at  rest,  and 
A  X^  becomes  the  resultant  axis  of  rotation,  in  virtue  of  the  forces  pre- 
viously tending  to  produce  rotation  about  the  two  component  axes. 

To  determine  the  velocity  of  rotation  about  the  resultant  axis  A  X^, 
take  any  point,  as  C,  on  the  axis  AY.  At  this  point  i/y  =  0,  and  the 
point  C  has  no  tendency  to  move  except  that  given  by  the  moment  vx 
about  the  axis  A  X.  Draw  the  perpendiculars  0  R  and  C  Q  upon  A  X 
and  A  X''  respectively.  Represent  C  R  by  r,  and  C  Q  by  r^^,  and  denote 
the  angular  velocity  about  A  X'  by  i/''.  Now  as  the  distance  paai^ed 
over  by  the  point  G  during  any  instant  depends  only  on  the  moment 
vxy  it  will  be  the  same  whether  the  rotation  takes  place  about  A  X  or 


- 1/ V^ 


•.  t/^  =  — .   The  triangles  ^  C2>  and  ^  CE 


A  jr  ;  hence  vr 

are  equal,  being  each  one-half  the  parcllelogram  A  ODE,  hence  ADy^ 


CQ=%EX  CR,   and^2>Xr^^  =  t?r,  hencd ui 2>  =  ^ .  Comparing  ' 

this  equation  with  the  value  of  v^^  found  above,  we  find  that  i/^  =  AD. 

From  the  above  reasoning  it  appears  that, — 

Where  a  body  is  acted  upon  by  two  systems  of  forces,  tending  to  pro- 
duce rotations  about  two  separate  axes,  lying  in  the  same  plane,  the 
resultant  motion  will  be  rotation  about  a  new  axis,  represented  in  direo- 
tion  by  the  diagonal  of  a  parallelogram,  tite  sides  of  which  wiU  be  repre- 
sented by  the  component  cues  of  rotation,  and  the  magnitudes  of  the  eidee 
by  the  forces  tending  to  produce  rotation  about  those  axes.  The  vdoeitjf 
of  rotation  about  the  new  axis  represented  in  direction  by  the  diagonal 
of  the  parallelogram,  will  be  nuasured  by  the  length  of  the  diagonaL 

From  the  same  principles  it  follows  that,  If  a  body  is  acted  upon  by  three 
systems  of  forces,  tending  to  produce  rotation  about  three  dilferent  axes,  all 
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p«4iDf  Ibrongb  tfacflittw  potitt,  tbe  iwolUoC  motion  irtll  be  r^tallAn  &boai  ■ 
D«v  fex|»«  ropniceiited  in  dlrectLoa  by  the  dikganal  at  %  piKrmlli^iopi|>edoii  formod 
aa  die  oriii^iti&l  mxcs  ■«  sdjaccnt  ed^c^,  witb  tbc  taAgniludv  of  Ui(?h  edgei  com** 
poo  ding  k)'  tli«  f«i]>«ctive  fofeei  arlin^  About  itioiti  axvi »  and  the  retoettj  of  th« 
Heir  rotttticrn  itlIJ  ba  rep^Tesfliited  by  tho  length  of  ttie  dUj^f^aftl  of  the  pti-iUeiO' 
pipedoiL, 

In  d^cribing  rofcftiy  motions  it  is  cmttoniarj  to  sp^ak  of  tbe  luoUon 
fts  righi'ha ruled  or  po^itiTe^  or  a*  U/l-kandefl  or  Degatire* 

Lat  A  Xj,  A  Yf  A  Zt  ^g*  lit  ^  three  rectangiLlftr  iMCi«,  pMtlsg'  tbrotig^b  the 
poiDS  A,  which  ift  trailed  th«  origin  of  i^a-oriJindtoA.  Dt^toocet  vcBvund  6om  A 
co^iru-df  oHher  S^  Y^  vt  Z^  itr^  ^alle*l  po»it\ve^  Aud  dittuiea^  meA^iired  in  xhit 
oppofitfr  directionii  are  t^iikcl  [iex»tira^  If  a  bodjr  rerDlTirt  abotit  either  of  iht/te 
axju^  or  ikbout  AD  J  uii'  drawn  through  A,  in 
iBeb  «  dircsctmb  mm  to  appc&f;,  to  an  tye  placed 
.  b«jocid  i^  twid  luaktp{f  |ow«.nl«  A^  to  mare  in 
tJb«  tftiiLC'  dircctioD  lu  the  huidi  of  a  wat^h, 
wh«ti  wt)  ltH>k  ftt  the  diiJi  tach  tfioti^tt  Is 
tmSWd  rl^ht-hiuidBd^  or  puAtlire  r^tAtiqfl.  If 
votatiot)  t»ke«  pli&c^  in  tbtj  Qppotito  dinx<'lion, 
il  is  called  left-handed^  or  iiegatlT&  If  a  bodj 
fVTolret  in  the  dire«tvoD4  «howD  in  either  part  / 
o^f  fig»  24f  tbe<  rotjLtiuii  b  called  right- b  no  dod^ 
OF  poiitJT««  If  th<?  three  iLxe»^  A  X^  A  T«  A  Z^ 
^»f,.  >^ir  Might  townrd«  each  other  till  thej  eo-  f  j 
■uvmuv,  UA««e  fotatiouB  would  all  coincide  in  ^"^ 
direction. 

57.  The  gyroscope,  or  rotascope,  is  an  instrument  exhibiting  some 
remarkable  resalts  of  the  combination  of  rotary  motions,  and  which 
also  shows,  as  in  Bohnenberger's  apparatus,  the  tendency  of  rotating 
bodies  to  preserve  their  plane  of  rotation.  A  common  form  of  the 
rotascope,  fig.  25,  con- 
sists of  a  metal  ring,  A  B, 
inside  of  which  is  placed 
a  metallic  disk,  C  D,  / 
loaded  at  its  edge,  and  / 
which  turns  independ-  \ 
ently  of  the  ring,  upon 
the  axis.  Motion  is  com- 
municated by  means  of  a 
oord,  wound  around  the 
axis  of  the  disk  and  sud- 
denly drawn  off.  If,  when 
the  disk  is  rotating  rapid- 
ly, it  be  placed  on  the  steel  pin  F,  supported  on  the  column  G,  it  seems 
indifferent  to  gravity,  and  instead  of  dropping  it  begins  to  revolve  in  a 
^orisontal  orbit,  H  I,  about  the  vertical  axis  F  G,  in  a  direction  corres- 
ponding with  the  movement  of  the  lower  part  of  the  disk.    This  hori« 
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xontal  reTolutioQ  gradually  increases  in  velocity,  and  the  free  end  of 
the  disk,  in  some  circumstances,  vibrates  upward  and  downward,  in 
spiral  curves.  When  the  rotation  of  the  disk  is  considerably  diminished 
by  friction,  gravity  gradually  prevails  over  the  supporting  power,  and 
at  length  the  disk  falls,  in  a  descending  spiral  curve. 

To  explain  the  movement  of  the  gyroscope,  let  the  axis  Y  A  Y^ 
fig.  24,  correspond  to  the  standard.    A  24  {hit.) 

being  the  point  where  one  end  of  the        y"':^ — =^-.     /»/ 
axis  of  the  revolving  disk  is  supported.        S^. 
Let  A  X  correspond  to  the  horizontal 
axis   around  which  the  disk    of   the 
gyroscope  revolves,  and  let  Z  A  Z^  be 
another  horizontal  axis,  at  right  angles     ..■'y^^, 
with  A  X  and   A  Y.     Let  a  right-    f     y 
handed  rotation  be  given  to  the  disk  of    j  ^\ 
the  gyroscope  about  the  axis  A  X,  as    k 
indicated  by  the  arrows.    While  the       •'' 

force  of  gravity  causes  the  free  end  of  the  axis  to  descend,  there  will 
also  be  commenced  a  right-handed  rotation  about  the  axis  A  Z.  Both 
these  rotations  may  be  supposed  to  have  constant  velocities  for  an  infi- 
nitely short  interval  of  time.  Let  v  denote  the  angular  velocity  about 
A  X,  and  i/  the  angular  velocity  about  A  Z.  Lay  off  on  A  X  a  distance 
A  B  =  r,  and  on  A  Z  a  distance  A  C  =  t/,  complete  the  parallelogram 
A  B  D  C ;  then  the  diagonal,  A  D,  will  represent  the  resultant  axis  of 
rotation,  and  the  length  of  this  diagonal  will  represent  the  velocity  of 
rotation  about  the  new  axis.  As  the  disk  can  only  rotate  about  the  new 
axis  by  moving  towards  D,  there  will  thus  be  commenced  a  new  move- 
ment of  rotation,  which  we  may  call  a  horizontal  revolution  about  the 
perpendicular  axis.   This  will  be  a  right-handed  rotation  about  A  Y. 

We  now  have  to  consider  rotation  about  three  axes,  all  passing 
through  the  axis  A.  To  construct  the  position  of  the  resultant  axis 
for  the  second  instant,  lay  off  on  A  Z,  considered  as  perpendicular  to 
A  D  and  to  A  Y,  a  distance  to  represent  the  angular  velocity  due  to 
gravity,  and  on  A  Y  the  angular  velocity  in  the  orbit,  acquired  in 
passing  from  the  position  A  X  to  A  D;  AD  represents  the  velocity 
with  which  the  disk  rotates.  Construct  a  parallelopipedon  on  tfacM 
three  lines,  and  draw  its  diagonal  through  A.  This  diagonal  will  evi- 
dently give  a  direction  that  will  continue  the  horizontal  revolution 
already  commenced,  and  also  an  upward  tendency  in  opposition  to 
gravity.  The  same  process  of  construction  might  be  continued  for 
every  instant  the  rotation  continues.  It  is  evident  that  the  horizontal 
rotation  would  continually  increase  in  velocity,  and  the  tendency  to 
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lift  the  end  of  the  axis  of  the  disk  would  also  increase,  were  it  not  con- 
tinually counteracted  by  the  action  of  gravity.  As  the  velocity  of  the 
rotation  of  the  disk  is  continually  retarded  by  friction,  the  lifting  power 
exerted  against  gravity  diminishes  until  the  disk  gradually  descends 
with  a  spiral  revolution,  and  the  instrument  is  brought  to  rest. 

If  the  dbk  of  the  gyroscope  were  made  to  rotate  in  the  opposite  direc- 
tion, or  left-handed,  the  motion  around  the  axis  Z  A  1/^  caused  by 
gravity,  would  also  be  left-handed  when  considered  from  the  point  1/^ 
and  the  resultant  A  IK  would  lie  on  the  opposite  side  of  A  X.  This 
would  also  give  a  lef^handed  rotation  about  the  perpendicular  A  Y, 
and  the  resultants  would  all  be  found  in  the  solid  angle  A  X,  A  Y, 
A  T/f  and  again  the  tendency  would  be  to  counteract  the  depressing 
force  of  gravity.  Thus  we  should  have  the  rotating  disk  supported, 
as  experience  shows  it  is,  in  whichever  direction  it  is  caused  to  rotate. 

If  the  weight  of  the  gyroscope  were  couDterbalanced  (as  it  is  frequently  con- 
structed) by  an  equal  weight  on  the  opposite  side  of  the  vertical  axis,  it  can 
readily  be  seen  that  it  would  hare  no  horizontal  rotation.  If  the  coudter- 
balancing  weight  were  so  great  as  to  raise  the  disk  upward,  the  horizontal 
revolution  would  be  performed  in  the  opposite  direction. 


Problems  on  Weights  and  Measures. 

1.  (a.)  How  many  English  yards  arc  contained  in  135  French  kilometre?? 
(6.)  Reduce  2'5934  centimetres  to  English  inches,  (c.)  What  part  of  an  Engli-h 
inch  is  1  millimetre?     (rf.)  Reduce  3  centimetres  to  inches. 

2.  (a.)  Reduce  4  feet  7  inches  to  French  measure,  {h.)  Reduce  225  rod.«<  to 
French  measure  of  length,  (r.)  Reduce  13  miles  to  French  kilometres. 
{d.)  Reduce  5  yards  to  French  metres. 

3.  (a.)  Reduce  3  pints  to  litres  and  cubic  centimetres.  (6.)  Reduce  5  litres 
to  English  measure,  (c.)  Reduce  7  gallons  to  litres  and  decimal  parts, 
(rf. )  Reduce  7  cubic  centimetres  to  English  pints. 

4.  Reduce,  by  means  of  the  Table  II., — («.)  25  inches  to  decimal  parts  of  a 
metre.  (6.)  139  centimetres  to  American  inches,  (c.)  75  feet  to  metres,  {d.)  5 
kilometres  to  American  yards. 

5.  Reduce,  by  means  of  the  table  at  the  end  of  the  book, — '«.)  1\  pints  t/j 
cubic  centimetres,  (fe.)  10  gallons  to  cubic  centimetres,  {r.)  735  cubif  ronti- 
metres  to  gallons. 

Problems  on  Motion. 

6.  A  body  passes  uniformly  over  a  distance  of  200  yard?  in  1  hour  and  C 
minutes  :  what  is  the  numerical  value  of  its  velocity,  acordin^^  to  the  usual 
conventions  concerning  the  units  of  space  and  time  ? 

7.  A  body  is  observed  to  describe  uniformly  n  feet  in  n  ^i.fond.- :  »«uppo«irig 
the  unit  of  time  to  be  1  minute,  what  must  be  the  unit  of  dii'tano*-  in  or'kr  that 
the  numerical  value  of  the  body's  velocity  may  be  1  ? 

8.  A  man  walks  with  a  velocity  represented  by  2,  and  he  find-  that  h*-  walki 
7  miles  in  2  hours  :  if  1  foot  be  the  unit  of  length,  what  if  the  unit  of  tirn*;  ? 

9.  A   particle  is  moving   with  such  a  velocity,  and  in  i      h  a  direction,  that 

G* 
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iho  resolved  parts  of  its  relooity  in  the  directions  of  two  lines  perpendienlar  lo 
each  other,  are  respectlTely  3  and  4 ;  determine  the  direction  and  Telocity  of 
the  particle's  motion. 

10.  A  is  a  more  powerful  and  a  hearier  man  than  B ;  the  greatest  weights 
which  they  can  lift  are  as  8  :  7,  and  their  own  weights  are  as  7  :  6.  Which  is 
likely  to  he  the  faster  mnnor  of  the  two? 

11.  Supposing  a  body  acted  upon  by  a  force  capable  of  causing  an  aeeelera- 
tion  of  3  feet  per  second :  what  will  be  its  Telocity,  and  the  distance  paased 
over,  at  the  end  of  1  minute  ? 

12.  What  velocity  will  be  acquired  by  a  body  moving  100  feet,  nnder  the  in- 
fluence of  a  force  capable  of  causing  an  acceleration  of  2  feet  per  second  ? 

13.  If  a  body  starting  with  an  initial  velocity  of  125  per  second  is  found  to 
eome  to  rest  after  the  end  of  5  seconds,  what  is  the  amount  of  retardation,  and 
what  distance  has  the  body  passed  over  ? 

14.  If  a  body  weighing  100  pounds  moves  with  a  velocity  of  a  mile  in  7 
seconds,  what  must  be  the  weight  of  a  body  moving  3  feet  per  second,  to  have 
the  same  momentum  as  the  former  ? 

15.  If  a  ship  weighing  2000  tons  strikes  a  pier  with  a  velocity  of  6  inches  per 
second,  what  velocity  must  be  given  to  a  64  pound  shot,  in  order  that  it  may 
strtfce  an  obstacle  with  the  same  momentum  ? 

16.  Uniform  force  is  defined  as  that  which  generates  equal  velocities  in  equal 
times ;  would  it  be  correct  to  define  it  as  that  which  generates  equal  velocities 
while  the  body  moves  through  equal  spaces  f 


CHAPTER  III. 

GRAVITATION. 


J  1.  Direction  and  Centre  of  Qravity. 

58.  Definition. — The  fall  of  unsupported  bodies  to  the  earth,  and 
the  pressure  exerted  by  bodies  at  rest  on  the  earth's  surface,  is  due  to 
the  force  of  ffravUy,  The  amount  of  this  force  seen  in  the  downward 
pressure  of  any  body  is  called  its  weight  Weight  is  due  to  the  earth's 
attraction  for  the  body  weighed.  This  is  only  a  particular  case  of  a 
general  force  in  nature,  by  reason  of  which  all  bodies  in  the  uniyerse 
attract  each  other,  thereby  maintaining  the  order  and  stability  of  the 
heavenly  bodies. 

59.  Law  of  univeraal  gravitation. — The  law  of  gravitation  is 
stated  as  follows :  Every  particle  of  matter  attracts  every  other  partide 
in  the  direct  ratio  of  iis  mass,  and  in  the  invbrse  ratio  of  the  square 
of  its  distance. 

Let  ^and  M^  represent  two  masses,  D  and  IX  the  distances.  Take 
O  and  ff  the  absolute  gravities  of  the  two  masses  at  a  given  distaDoe, 
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and  ^ :  C?',  the  ratio  of  the  force  of  gravity  at  distances  D  and  IX,  then 

Gi   g  =M      :  M', 

g  :  O^  =  ly^    :  D*,  compounding  tbese  proportions  we  have 

G  lO^^MlX^iM'D',    hence    Q.CT,,  —  ^^, 

Or  the  force  of  gravity  of  different  bodies,  at  different  distances,  is 
directly  as  the  masses  and  inversely  as  the  squares  of  the  distances. 

This  law  was  discovered  in  1666,  by  Sir  Isaac  Newton.  Reflecting 
on  the  power  which  causes  the  fall  of  bodies  to  the  earth,  and  bearing 
in  mind  that  this  power  is  sensibly  the  same  on  the  highest  mountain 
as  in  the  deepest  valleys,  he  conceived  that  it  might  extend  far  beyond 
this  earth,  and  even  exert  its  influence  through  all  space.  He  assumed, 
in  conformity  to  the  relation  already  discovered  by  Kepler,  between 
the  times  of  revolution  of  the  planets  and  their  distances  from  the  sun, 
that  this  force  must  diminish  in  the  inverse  ratio  of  the  square  of  the 
distance.  His  first  results  were  unsatisfactory,  because  (as  afterwards 
appeared)  he  used  in  his  calculations  an  erroneous  value  of  the  earth's 
ra<lius.  But  in  June,  1682,  he  received  Picard's  new  measurement  of 
the  arc  of  the  meridian  in  France,  from  which  it  appeared  that  the 
radius  of  the  globe  was  nearly  one  seventeenth  greater  than  had  been 
previously  supposed.  Armed  with  these  new  data,  Newton  resumed 
his  calculations,  and  in  1687  published  his  great  work,  the  "  Principia,^' 
in  which  he  develops  the  consequences  of  his  great  discovery  of  the 
laws  of  gravitation. 

GO.  Direction  of  terrestrial  attraction.  Centre  of  gravity. — 
As  the  direction  of  a  force  is  the  direction  of  the  motion  or  pressure 
caused  by  it,  (40),  it  follows  that  a  body  falling  under  the  influence  of 
gravity  moves  on  a  line,  which  would  pass,  if  extended,  through  a 
point  sensibly  near  the  centre  of  the  globe.     This  point  26 

in  the  globe  is  called  Us  centre  of  gravity.  Therefore  ^ 
the  direction  of  the  force  of  gravitation  is  in  the  line 
uniting  the  centre  of  gravity  of  the  earth  with  that  of 
the  attractive  body.  The  plumb  line,  fig.  26,  gives  this 
direction.  Here  a  mass  of  lead  is  suspended  by  a  string, 
and  when  it  is  at  rest,  it  is  evident  without  a  mathe- 
matical demonstration,  that  the  direction  of  the  pressure, 
and  hence  that  of  the  force  of  gravitation,  coincides 
with  that  of  the  plumb  line.  This  direction  is  called 
the  verH&al,  and  a  direction  perpendicular  to  it  is  called 
the  horisBontdl.     Such  is  the  surface  of  a  liquid  at  rest. 

It  U  plidn,  on  the  slightest  reflection,  that  as  the 
plunb  line  coincides  at  every  point  of  the  earth's  surface  very  nearly 
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to  the  radius  of  the  same  points,  that  several  plumb  lines  placed  near 
each  other,  are  sensibly  parallel  to  each  other  (but  are  not  mathemati- 
cally so),  because  the  distances  between  them  are  almost  insensible 
compared  to  the  length  of  a  radius  of  the  earth.  The  conyergenoe  is 
only  one  minute  to  a  geographical  mile. 

The  rotation  of  the  earth  does  not  alTeot  the  direction  of  a  falling  body, 
because  it  had,  before  it  fell,  the  same  velocity  as  the  earth  itself.  Thus  a  bullet 
dropped  from  the  mast-head  of  a  ship,  sailing  never  so  rapidly,  falls  to  the  deek 
on  precisely  the  same  spot  as  if  the  ship  were  motionless — in  virtue  of  the  prin- 
ciple of  the  composition  of  motion,  (45).  Nevertheless,  if  bodies  fall  from  a 
very  great  height,  there  is  an  easterly  deviation,  as  Newton  announced,  becaose 
at  the  point  of  departure,  on  a  circumference  sensibly  larger  than  at  the  snrfaoe 
of  the  earth,  the  body  has  a  horizontal  velocity  sensibly  greater  than  the  latter. 
For  a  height  of  550  feet,  calculation  indicates  a  deviation  of  0*108  inch,  and 
experiment  gave  Reich  in  the  deep  mines  of  Freyberg  0*110  inch. 

61.  Point  of  applioation  of  terrea trial  attraction. — As  every 

particle  of  a  body  is  equally  attracted  by  the  earth,  there  must  be  as 
many  points  of  application  for  this  force  as  there  are  particles  of  matter 
in  the  body.  Hence  from  the  principle  (46)  for  finding  the  resultant 
of  a  system  of  parallel  forces,  it  follows  that  if  a  body  be  supported  by 
a  flexible  cord  from  a  fixed  point,  it  cannot  remain  at  rest  unless  the 
resultant  of  all  the  parallel  forces  which  gravity  exerts  on  it  passes 
through  the  point  of  support. 

It  is  thus  possible  to  determine  experimentally  the  position  of  the 
resultant  of  the  system  of  parallel  forces  which  gravity  exerts  upon 
a  body. 

For  example,  in  fig.  27, 

the  chair  is  held  by  a  string 

attached  to  one  arm,  and  the 

resultant  of  the  forces  ex- 
erted by   gravity  is  in   the 

line  A  B,  in  which  the  chair 

comes  to  rest.    But  if  the 

chair  is  supported  from  an- 
other point,  as  in  fig.  28,  it 

will  come  to  rest  in  a  new 

position,  and   the  resultant 

will  now  be  found  also  in  a 

new  position,  namely  in  the 

line  C  D,  and  so  for  every 

new  point  of  suspension  we 
«an    by   experiment    demonstrate  a   different    position    for    the    r» 
Bviltant, 


27 


28 
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62.  Centra  of  gravity. — As  there  is  in  every  solid  body  a  point 
about  which,  when  it  is  suspended,  its  molecules  are  equally  dis- 
tributed in  every  direction,  all  the  attractions  exerted  upon  them  may 
be  replaced  by  a  single  resultant  force  applied  at  this  point  But 
whatever  position  the  body  may  assume,  the  resultant  of  its  parallel 
forces  of  gravity  will  always  pass  through  the  same  point.  This  com- 
mon point,  of  intersection  of  the  resultants  of  gravity  in  any  body,  ir 
called  the  centre  of  gravity.  As  we  may  find  the  resultants  ezpeij 
mentally,  so  also  is  the  centre  of  gravity  of  any  solid  29 
easily  found.  If  any  irregular  solid  is  suspended,  as  in 
fig.  29,  its  centre  of  gravity  vnll  lie  in  the  line  e  d,  pro- 
longed through  its  axis.  It  will  alsi  lie  in  the  line  a  b, 
by  which  the  body  is  a  second  time  suspended,  and  being 
found  in  both  lines,  it  must  necessarily  be  At  their  inter- 
section. A  correct  conception  of  the  important  relations  ^^ 
of  the  centre  of  gravity  lies  at  the  foundation  of  the 
whole  science  of  mechanics,  and  especially  of  equi- 
librium. 

03.  Corollaries. — (1.)  The  centre  of  gravity  must  be  regarded  as 
the  point  of  application  of  the  resultant  of  the  forces  which  gravity 
exerts  upon  the  molecules  of  any  body.  This  is  proved  by  the  fact 
that  the  point  of  application  is  any  point  on  the  line  of  the  resultant, 
and  that  the  centre  of  gravity  is  a  point  common  to  all  the  resultants. 

(2.)  When  the  centre  of  gravity  is  supported,  the  body  remains  at 
rest.  Conceive  the  irregular  mass,  fig.  29,  to  be  sustained  on  an  axis 
passing  through  ab  or  cd,  the  body  will  remain  at  rest  in  whatever 
position  of  revolution  it  may  be,  on  either  of  these  axes,  since  the  whole 
intensity  of  the  forces  of  gravity  is  expended  in  pressure  against  the 
points  of  support. 

(3.)  The  sum  of  all  the  attractions  exerted  by  any  mass  of  matter 
may  be  conceived  as  proceeding  from  its  centre  of  gravity.  Newton 
has  demonstrated  that  a  particle  of  matter  placed  without  a  hollow 
sphere  is  attracted  in  precisely  the  same  manner  as  if  the  whole  mass 
of  the  sphere  were  collected  at  its  centre,  and  constituted  a  single  par- 
ticle there.  The  same  must  be  true  of  solid  spheres,  since  they  may  be 
regarded  as  made  up  of  a  great  number  of  hollow  spheres,  having  the 
same  centre. 

The  principle  that  action  and  reaction  are  equal  and  opposite  (27) 
applies  perfectly  to  the  mutual  attractions  of  the  masses  of  matter' 
Ileuce  follows  the  somewhat  startling  inference  that  the  earth  must 
rise  to  meet  a  falling  body.  This  is  unquestionably  true,  but  since  the 
mass  of  the  earth  is  ahnost  infinitely  greater  than  that  of  any  body 
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fklling  on  its  surface,  its  motion  must  likewise  be  almost  infinitely 
small,  since  the  velocity  tr^,  acquired  by  the  earth  at  the  end  of  one 
second  is  as  much  less  than  the  velocity  v,  a^uired  by  the  falling 
body,  as  the  mass  of  the  body  (m)  is  less  than  the  mass  of  the  eartk 
(M)f  or  1/  :  V  =  m:  M. 

64.  Centre  of  gravity  of  regular  figures. — ^In  case  of  solids  which 
have  a  regular  figure^  and  uniform  density,  it  is  not  necessary  to  resort 
to  experiment.  In  such  bodies,  the  centre  of  gravity  coincides  with 
the  centre  of  figure,  and  to  find  it  is  a  question  purely  geometrical. 
The  truth  of  this  assertion  may  be  shown,  if  we  suppose  a  plane  or 
line  to  be  divided  into  two  equal  and  similar  parts,  so  that  its  mole- 
cules are  arranged  two  by  two,  with  respect  to  the  dividing  line.  Take 
any  two  molecules  similarly  situated,  on  opposite  sides  of  the  division, 
their  attractions  will  be  equal  and  opposite ;  and  so  also  of  every  other 
pair ;  therefore,  the  resultant  of  the  system  must  be  at  the  point  of 
division,  and  the  centre  of  gravity  is  there  also. 

The  centre  of  gravity  of  a  circle,  or  sphere,  is  at  the  centre  of  each  ; 
of  a  parallelogram  or  parallelepiped,  at  the  intersection  of  the  diagonals ; 
and  of  a  cylinder  at  the  middle  point  of  its  axis.  To  find  the  centre 
of  gravity  of  a  triangle,  fig.  30,  draw  a  line  A  D,  from  the  vertex  to 
the  middle  point  of  the   base;   it  will  80 

divide  equally  all  the  lines,  as  m  n,  drawn 
parallel  to  the  base.  If  the  triangle  is 
placed  so  that  the  line  A  D  may  be 
exactly  over  the  edge  of  the  prism  P  Q, 
each  one  of  the  rows  of  molecules  com-. 
posing  the  figure,  as  m  n,  will  be  in 
equilibrium  on  the  edge  of  the  prism, 
since  it  is  supported  at  its  centre.  The 
same  will  be  true  when  they  are  united, 
and  the  triangle  will  not  tend  more  to  one  side  than  another ;  hence  iti 
centre  of  gravity  must  be  in  the  line  A  D,  and  for  a  like  reason,  also 
in  the  line  B  E  (situated  similarly  to  A  D),  and  therefore  at  their  inter- 
section G.  It  may  be  shown  geometrically  that  the  point,  thus  foond 
divides  the  line  joining  the  summit  and  the  middle  of  the  base,  into 
two  parts,  of  which  the  one  nearest  the  vertex  is  double  that  nearest 
the  base. 

Support  op  a  trianoular  mars  at  its  anoles. — If  it  were  required  to  sup- 
port a  triangular  block  of  marble  at  its  angles,  wo  may  find  what  part  of  the 
weight  will  bo  sustained  by  each  support,  by  applying  the  foregoing  principles. 
The  weight  of  the  block,  fig.  31,  which  we  will  suppose  to  be  45  lbs.,  is  a  foree 
applied  to  its  eentre  of  gravity,  g.   We  have  stated  that  the  distance  6  ^  is  twiet 
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>  §4,  and  hmm  w  maj  vmoIt*  tb*  T«rttoal  ftfM  of  4ft  Iba., 
•i  f.  Into  two  oth«n;  om  of  15  Ibi.  «t  b,  and  tho  SI 

oUMTof  Mlba.a»#>/  brnt  tha  laat  foroe,  aiiieo  it  aeta 
ai  Ilia  middla  point  of  •«»  may  alio  bo  noolTod  into 
tmrn  othan  of  1ft  Iba.  aaeb,  noting  tbe  ana  ai  «,  and 
tba  otbarat  e.  Hanoa  tba  waigbt  of  tbo  triangia  ia  «, 
aq^iralant  to  tbrea  aqnal  Ibreea  aating  Tartiaallj  at 
Ha  anglaa ;  and  tbo  tbroa  pointa  of  aapport  anatain  I'l 
aqnal  pnaauaa^  wbatarar  may  bo  tbo  ibnn  pt  tbo 
trtangla. 

95.  Csntn  of  smvity  lyinc  without  the  body.— The  centra 
oi  parilf  IS  not^  neoeeBarily,  in  the  body  itaelf, 
hot  may  be  in  aome  n^J^^^S  apece.  Tfaia  is 
evidently  true  of  the  solid  ring,  fig.  32,  and 
generally  of  any  hollow  Tessel,  of  whatever 
form. 

Of  a  oomponnd  body,  the  centre  of  gravity  is 
easily  found  by  composition  of  forces,  when  the 
weights  and  centres  of  gravity  of  the  parts  are 
knovm. 

66.  Bqnilibrinm  of  solids  supported  by  an  axis. — A  solid  is  in 
equilibrium  when  its  centre  of  gravity  is  supported.  Thb  is  according 
to  {  63.  But  this  condition  may  be  fulfilled  in  different  vrays,  according 
to  the  method  of  support.    If  a  disk  of  uniform  density,  fig.  33,  is  sup- 
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ported  by  an  axis,  passing  through  the  centre  a, 

which  is  also  its  centre  of  gravity,  it  vnll  be  in 

that  sort  of  equilibrium  which  is  called  indifferetU, 

because  it  has  no  tendency  to  revolve,  either  to  the 

right  or  left,  but  remains  at  rest  in  all  positions. 

If  the  axis  passes  through  b,  the  disk  vnll  be  in 

stable  equilibrium;  for  if  it  is  turned  about  its 

axis,  the  centre  of  gravity  will  move  in  the  arc  m  n, 

and  being  no  longer  vertically  below  the  axis,  it  will  not  be  directly 

supported  by  it,  but  tends  always  to  return  to  its  former  position.    If 

the  axis  is  at  c,  the  equilibrium  is  unstable;  for,  if  the  centre  of  gravity 

is  in  the  least  removed  from  a  position  vertically  above  the  axis,  it 

oannot  return,  but  it  will  describe  a  semicircle  in  its  descent,  until  it 

comes  to  rest  exactiy  below  the  point  of  support. 

In  general  terms,  therefore,  a  body  attached  to  an  axis  may  be  in 
stable,  unstable,  or  indiiferent  equilibrium,  according  as  its  centre  of 
gravity  is  below,  above,  or  upon  the  axis. 

67.  Bqnilibziiim  of  solids  placed  upon  a  horisontal  anrliace. — 
la  bodiee  placed  upon  a  horisontal  surfiioe,  the  centre  of  gravity,  as  in 
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those  which  are  suspended,  tends  to  descend,  and  if  the  bodies  are  free 
tc  move,  they  will  rest  in  one  of  the  positions  of  equilibrinm  just 
named.  If  rays  are  drawn  from  the  centre  of  gravity  to  every  part  of 
the  surface,  some  of  these  rays  will  be  oblique,  and  some  perpendicular, 
or  normal  to  the  surface,  whatever  may  be  the  external  form  of  the 
body ;  and  among  the  normal  rays,  there  is  generally  a  longest  and  a 
shortest  ray.  -If  the  body  rests  upon  the  plane,  at  the  extremity  of  one 
of  the  normal  rays,  its  centre  of  gravity  is  evidently  in  the  vertical  line, 
drawn  through  the  point  of  contact,  and  the  body  is  in  equilibrium. 
But  if  it  rests  at  the  extremity  of  an  oblique  ray,  the  centre  of  gravity 
is  not  supported,  since  it  is  not  in  the  vertical  of  the  point  of  oontaot, 
and  the  body  falls. 

If  the  normal  ray  at  the  point  of  contact  is  neither  longest  nor 
shortest,  but  simply  equal  to  the  adjacent  rays,  the  equilibrium  is  indif- 
ferent. Such  is  the  case  with  a  sphere,  placed  on  a  level  plane ;  it 
rests  in  every  position,  for  its  centre  of  gravity  can-  84 

not  fall  lower  than  it  is.  But  this  position  cannot 
be  assumed  by  a  body  not  strictly  spherical.  For 
example,  if  an  egg  rests  at  the  extremity  of  a  longest 
descending  ray,  a,  as  in  fig.  34,  it  will  be  in  unstable 
equilibrium,  since  motion  to  either  side  tends  to 
lower  the  centre  of  gravity,  and  enable  it  to  fall ;  but 
if  it  rests  at  the  extremity  of  a  shortest  ray,  a^,  it ' 
vnll  be  in  stable  equilibrium,  since  any  motion  side- 
ways must  raise  the  centre  of  gravity,  and  it  vnll,  therefore,  fall  back 
to  its  original  position. 

68.  Centre  of  gravity  in  bodies  of  unequal  density  in  dif- 
ferent parts. — If  the  density  of  a  body  is  unequal  in  different  parts, 
its  centre  of  gravity  will  be  external  to  its  centre  of  magnitude,  and 
the  body  can  come  to  rest  in  only  85 

two  positions,  when  the  centre  of 

gravity  is  at  the  highest,  and  at  the 

lowest  place  in  the  vertical  of  the 

point  of  contact.    If  a  cylinder  of 

this  description  were  placed  upon  an 

inclined  plane,  as  in  fig.  35,  it  would 

be  in  equilibrium  when  its  centre  of 

^avity  was  at  either  eora;  if  at  e, 

and  the  cylinder  were  moved  a  little  to  the  right,  the  centre  of  gravity 

would  fall  through  the  arc  e  a,  but  at  the  same  time  the  cylinder  itself 

would  perform  the  apparent  contradiction  of  ascending  the  plane. 

69.  Bqnilibrinm  of  bodies  supported  in  more  than  one  point.—- 
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When  a  body  is  supported  by  two  points,  the  vertical,  from  its  centre 
of  grayity,  ought  to  &11  on  the  centre  of  the  line  which  connects  them. 
If  a  body  has  four  points  of  support,  as  a  common  table,  the  vertical 
should  fall  upon  the  intersection 'of  their  diagonals. 

In  carriages,  if  the  vertical  falls  in  a  different  manner,  the  load  is  improperly 
distributed,  and  the  carriage  will  be  liable  to  upset,  in  passing  over  an  uneven 
road. 

A  body  resting  on  a  base  more  or  less  extended,  will  be  in  equilibrium 
only  when  the  vertical  from  the  centre  of  gravity  falls  within  the  area 
of  the  base ;  and  the  body  will  stand  firmer  in  proportion  as  the  centre 
of  gravity  lies  lower,  and  the  base  is  broader.  A  pyramid  is,  therefore, 
the  most  stable  of  all  structures. 

The  singular  feats  exhibited  by  children's  toys,  and  by  rope-dancers,  depend 
on  the  facility  with  which  the  centre  of  gravity  is  shifted. 

J  2.   Laws  of  Falling  Bodies. 

70.  Gravity  is  a  source  of  motion. — In  discussing  the  laws  of 
motion,  we  have  already  cited  gravitation  as  a  source  of  uniformly 
accelerated  motion.  We  have  now  to  consider  the  laws  of  falling  bodies, 
and  in  doing  so  we  shall  have  occasion  to  recapitulate  some  of  the 
ground  already  passed  over. 

71.  The  laws  of  falling  bodies  are  five,  as  follows : 

The  first  law  is — The  velocity  of  a  falling  body  is  independent  of  its 
mass. 

Galileo  (born  1564),  who  first  demonstrated  the  laws  of  falling 
bodies,  at  Pisa,  argued  that  if  the  molecules  of  a  body  were  separated 
from  each  other,  each  molecule  would  fall  with  the  same  velocity,  since 
each  is  solicited  by  the  same  force ;  and  if  we  conceive  these  molecules 
reunited  into  a  mass,  each  particle  still  acts  alone,  and  hence  it  is  of  no 
importance  whether  the  particles  are  many  or  few.  The  velocity  of  the 
mass  will  be  that  of  one  of  its  particles — and,  consequently,  is  inde- 
pendent of  the  mass. 

The  second  law  is — The  velocity  of  a  falling  body  is  independent  of 
the  nature  of  the  body.  Experiment  alone  can  confirm  this  law,  which 
at  its  first  statement  appears  to  be '  contradicted  by  common  obser- 
vation. 

For  example  :  a  gold  coin  falls  swiftly,  and  in  a  straight  line,  but  a  piece 
of  paper  descends  in  a  devious  course,  and  with  a  slow,  hesitating  motion. 
The  popular  explanation  ia,  that  the  coin  is  heavy  and  the  paper  light ;  but 
thij*  cannot  be  the  true  reason,  since,  when  the  gold  is  beaten  out  into  thin 
leaves,  its  weight  remains  the  same,  but  the  time  of  its  fall  is  very  much 
projunged. 
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The  differences  in  the  time  and  manner  of  falling  are  caused  so'  tly 
by  the  resistance  of  the  air;  whiok  resistance  Taries, 
according  to  the  shape  and  volume  of  the  body,  and 
not  according  to  its  mass,  or  the  number  of  particles 
contained  in  it.  This  conclusion  is  established  by  the 
guinea  and  feather  experiment,  first  devised  by  New- 
ton, who  used  a  glass  tube  10  feet  long,  arranged  as 
in  fig.  36,  with  a  stopcock  for  removing  the  air  by  an  air- 
pump.  Bodies  of  unlike  density,  as  a  coin  and  piece  of 
paper,  within  the  tube  will,  when  it  is  suddenly  inverted, 
be  seen  to  fall  with  equal  rapidity,  and  strike  the  bottom 
together ;  but  after  admitting  the  air,  the  one  will  descend 
swiftly,  and  the  other  will  be  retarded,  just  as  it  happens 
when  they  fall  under  ordinary  circumstances.  A  piece 
of  stiff*  paper,  cut  to  the  exact  size  of  a  coin  and  placed  on 
it,  will  fall  with  it,  if  care  is  taken  to  drop  the  two  quite 
horizontally,  and  without  disturbing  the  position  of  the 
paper  on  the  coin.  This  simple  experiment  illustrates  the 
law  as  well  as  the  vacuum  tube,  the  resistance  of  the  air 
being  all  met  by  the  coin.  Thus,  when  no  resistance 
modifies  the  effects  of  gravity,  it  attracts  all  bodies  with 
the  same  energy,  and  gives  them  the  same  velocity,  what- 
ever may  be  their  weight,  and  whatever  the  kind  of  mat- 
ter of  which  they  are  composed. 

TiiE  THIRD  LAW  IS — The  velocity  acquired  by  a  body 
falling  freely  from  a  state  of  rest  is  proportional  to  the 
times  J  and  follows  the  order  of  the  natural  numbers  1,  2,  3, 
<&c.  This  is  the  case  of  a  uniformly  accelerated  mo- 
tion, (32).  ^ 

The  fourth  law  is — The  whole  spaces  passed  over  by  a 
falling  body,  starting  from  a  state  of  rest,  are  proportional 
to  the  squares  of  the  times  employed  in  falling — while  the 
spaces  fallen  through  in  successive  times  increase  as  the 
odd  numbers  1,  3,  5,  7,  &c.  The  velocity  of  a  body  when 
it  begins  to  fall,  is  nothing ;  but  from  that  moment  it  regu- 
larly increases.  Let  us  represent  the  velocity  acquired  at  the  end  of  thi 
1st  second  by  g ;  then  the  average  velocity  during  the  same  time  will  be, 

the  arithmetical  mean  between  0,  the  starting  velocity,  and  e,  the  final 
velocity.    A  body  moving  at  this  rate,  will  traverse  the  same  space  in 


p 


MOoiid  wbich  it  wmild  bav«  fallen  m  ont  second ;  let  tbm  ^puce 
—  # :  theti  th^  Bpme  b«ing  equal  to  the  product  of  the  vtslocJty  and  the 
time,  ig  X  1  ^=  #t  t>r  ^  ^=  2* ;  that  h^  the  final  velocity  acquired  by  a 
Uidy  fklling  one  second*  h  doubk  the  space  through  whidt  it  bna  fullon. 
ItliMibvMn  oaeenaitied  tUat  in  latitudes  45°  thi;;  sptu^e  it;  nbr^ut  Itj  i, 
§m^  (16*06538  feet,  «ee  OO)  and  ^  =  32^  fet^t. 

la  the  2d  second,  the  bodj  stjirts  with  a  relocityof  g  —  32i  feet,  and 
«cquir^,  &t  the  cio»e,  the  vehNsity  of  2ff  ^  64 j  feet»  Th«  ^ptic-c  blloti 
during  iJ»*!  saoie  tiuie  is  48^  feet ;  Tia.  32^^  feet  by  the?  velocity  Betiuired 
dufiiig  the  fitrt  iecaoci,  and  16  J^  feet  by  the  gradual  aetktn  of  gravity 
in  thi>  K^nid  uoly.  Or  us  before,  the  (tfiace  described  by  ihf^  body 
durlug  the  2d  twond,  ia  equal  to  the  space  it  woidd  hiive  fallen  with 
tbe  Bi^a  vdcKiity  bet  wean  its  Initial  and  fiuaJ  veloeitiea ;  i.  e,  with  the 

2  2  ' 

the  spttoe,  therefore,  =  3  X  16^  =  48^  feet 

In  the  same  way  we  find  that  the  Telocity  acquired  at  the  end  of  the 
3d  second,  will  be  3^  =  96^  feet ;  and  in  the  same  time  the  body  will 
have  faUen,  with  the  mean  velocity, 

'    2fy  +  3<y        5g 
2         ^2 
through  a  space  of  5*  =  5  X  16y>2  =  SO-j^^  feet 

A  falling  body,  therefore,  descends,  in  the  2d  second  of  its  fall, 
through  three  times,  and  in  the  3d  second,  through  five  timea  the  space 
fallen  in  the  first  second.  Or  in  the  words  of  the  4th  law,  Uie  spaces 
Mcrtase  as  the  odd  numbers. 

Wliole  space  described  by  a  fSalling  body. — We  have  seen  that 
the  time  of  falling,  and  the  final  velocity,  increase  in  the  same  ratio ;  and 
that  the  average  velocity  of  any  fall,  is  exactly  half  the  final  velocity, 
and  the  whole  distance  fallen  ie  the  same  as  if  the  body  bad  moved  at 
a  noiform  rate,  with  a  mean  velocity ;  hence,  any  increase  in  the  time 
of  falling  is  attended  by  a  corresponding  increase  of  the  average 
Telocity  during  the  whole  fall.  But  the  whole  space  described  in  any 
Mi  i»  jointly  proportional  to  the  time,  and  the  average  velocity ;  if, 
therefore,  the  time  is  doubled,  the  body  falls  not  only  twice  as  long,  but 
alsti  twice  as  fast  And  it  must  descend  through  four  times  the  distance. 
Again,  tf  a  body  falls  three  times  as  long  as  another,  it  also  falls  with 
three  times  the  average  velocity,  and  descends,  altogether,  through 
nios  times  the  distance.  The  times  being  represented  by  the  order  of 
tiw  aatnral  numbers,  1,  2,  3,  &c.,  the  spaces  are  represented  by  their 
,  1»  4,  9, 16,  Ac. 
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The  fifth  law  is — A  body  falling  freely  from  a  siate  of  rest  acquires, 
during  any  given  timet  a  velocity  which  wouldt  in  the  aam^  time,  carry  it 
over  twice  the  space  already  traversed. 

We  have  seen  that  a  body  falling  for  any  time,  acquires  a  final  Telo- 
city which  is  double  the  average  velocity  of  the  fall ;  if,  therefore,  the 
action  of  gravity  were  suspended  at  the  end  of  any  given  time,  and  the 
body  continued  to  move  with  its  acquired  velocity,  it  would,  in  the 
same  time,  traverse  twice  the  distance  it  had  already  fallen.  For 
instance,  the  space  fallen  through  in  three  seconds  is  144f  feet,  and 
the  final  velocity  is  96^  feet ;  now  a  body  falling  uniformly,  for  three 
seconds,  with  this  velocity,  would  pass  through  a  space  of  3  X  96}  == 
289}  =  2X144}  feet. 

Table  expressing  the  laws  of  falling  bodies. — The  following  table 
expresses  the  2d,  3d,  and  4th  laws:  (Sec  32.) 

Times, 

The  final  velocities, 

The  space  for  each  time, 

The  whole  spaces, 

Let  D  =  the  distance,  t  =  the  time,  V=  the  final  velocity,  and  ^=- 
the  velocity  acquired  during  the  first  second,  then  from  the  foregoing 
laws  we  may  deduce  the  following  equations,  by  which  practical  quetr 
tions  are  readily  solved. 

(1.)  r=  gt,  whence  (2.)  t  =  — . 
<7 


1. 

2, 

3, 

4, 

5. 

2, 

4, 

6, 

8, 

10. 

1, 

3, 

5, 

7, 

9. 

1, 

4, 

9, 

16, 

25. 

I2D 

(3.)  D  =  ig^y  whence  (4)/  =  -vt-tTv. 


By  substituting  in  (3)  the  value  of  t  (2) 

Y^        V^ 

And  substituting  (4)  in  (1), 

72.  Verification  of  the  laws  of  falling  bodies;  Atwood's  Ap- 
paratus.— It  is  evident  that  the  third  and  fourth  laws  of  falling  bodies 
cannot  be  verified  by  direct  experiment ;  both  because  the  rcsnlts  of 
such  a  trial  would  be  disturbed  by  the  resistance  of  the  air,  anil 
because  the  velocity  of  the  fall  is  too  great  to  be  followed  by  the  eye. 
But  there  are  mechanical  contrivances  by  which  the  intensity  of  the 
force  of  gravity  may  be  diminished,  without  changing  its  nature.  We 
can  cause  a  falling  body  to  descend  so  slowly  that  the  resistance  of  the 
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I  imp0roq>feible,  and  all  the  oircumstances  of  the  fall  may  then 
be  obaervvd  with  entire  preeision.    Galileo  87 

need  an  inclined  plane  to  Terify  hie  laws, 
bat  a  fiff  more  eiaet  fimn  of  apparatus  ie 
Bov  in  nee  for  this  pnrpoee,  called,  from  the 
i  of  its  inTenlor,  Atwood's  apparatna 


Tlufl  ai»parataff,  fig.  Z7,  ii  eompofed  of  a  ver- 
Ileal  eolmnuiy  a^ont  eight  fc«t  in  height^  lur- 
■ouitad  by  a  large  wheel,  moring  with  the 
kmat  posfible  Metioo,  and  upon  whieh  is  luf- 
pended  a  fine  ailk  cord,  eanjing  equal  weights, 
B  B',  at^te  extremities.  A  seale  of  feet  and 
inches  is  marked  on  the  standard,  parallel  to  the 
path  of  one  of  the  weights,  to  measnre  the  spaces 
through  which  it  falls,  and  the  corresponding 
tiroes  are  shown  by  the  seconds  pendnlum.  I^o 
insure  the  simnltaneoosness  of  the  fall  with  the 
bvat  of  the  pendnlum,  the  weight  is  set  in  mo- 
tion by  the  fall  of  the  tablet  H,  which  is  released 
by  the  action  of  an  electro-magnet,  G,  (seen  on 
a  large  «calc  in  fig.  38),  acting  as  will  presently 
l>«  explained.  The  weights  B  and  B'  being 
equal,  the  force  of  gravity  has  no  effect  npon 
them,  and  they  remain  at  rest  in  any  position. 
But  let  one  of  them,  as  B,  be  increased  by  a 
Mnall  additioQal  weight,  B'',  and  the  equi- 
librium will  be  immediately  disturbed.  The 
weight  of  B''  being  the  only  disturbing  force, 
the  motion  produced  is  of  the  same  kind  as  the 
motion  of  a  body  falling  freely,  but  the  rate  of 
acceleration  and  the  space  fallen  through,  are 
each  as  much  less  as  the  mass  of  B''  is  less  than 
the  combined  masses  of  B''  -f  2  B. 

The  form  and  relation  of  B  and  B"  are  more 
dearly  shown  in  the  enlarged  scale  of  fig.  38. 
For  example;  let  B"  be  a  quarter  of  an  ounce, 
and  the  weights  B  and  B'  be  each  24  ounces, 
or  9$  quarter  ounces.  The  whole  mass  to  be 
Bored,  by  the  action  of  gravity  upon  B''  only, 
is  193  times  the  weight  of  B",  and  therefore  the 
rebeity  imparted,  and  the  space  fallen  through,  ■ 
mast  be  198  times  less  than  the  velocity  and 
spaee  of  B"  falling  freely. 

In  the  apparatus  here  figured,  the  beats  of 
the  seconds  pendulum  are  announced  by  the  ^ 
bell,  whose  hammer,  I,  is  struck  by  the  electro- 
magnet, G,  as  neatly  constructed  by  Ritchie. 
A  point,  E,  on  the  pendulum  rod,  just  touches  a  drop  of  mercury  as  it  passes 
the  rarlieal  line,  and  thus  completes  for  an  instant  the  circuit  of  a  voltaic 
battery,  whose  terminal  wires  ore  shows  at  the  base  of  fig.  37. 
7* 
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The  electro-magnet  then  acts,  and  its  armature^  Gt'  V,  mores  to  the  pol^ 
of  G,  thus  releasing,  first  the  tablet  H,  and  with  it  38 

the  weight  B,  and  next  announcing  the  sucoessiTe 
seconds  upon  the  bell,  at  each  swing  of  the  pendu- 
lum. No  clock-morement  is  required  to  secure 
the  accurate  beats  of  the  seconds  pendulum  during 
the  short  period  of  a  tingle  experiment  Now  B, 
with  B"  attached  to  it,  will  fall  from  the  tablet  H, ' 
at  the  instant  the  first  sound  of  the  bell  is  heard, 
following  the  first  swing  of  the  pendulum.  At  the 
instant  of  the  next  ring,  the  weight  will  be  seen  to 
have  fallen  exactly  1  inch ;  during  the  second  beat, 
through  three  inches  more;  during  the  third  beat, 
through  5  inches ;  during  the  fourth  beat,  through  7 
inches,  Ac,  according  to  the  fourth  law. 

In  the  same  experiment  it  appears,  that  the  whole 
space  fallen  through  at  the  end  of  the  Ist  second,  is 
1  inch ;  at  the  end  of  the  2d  second,  4  inches ;  at 
the  end  of  the  3d  second,  9  inches ;  at  the  end  of  the 
4th  second.  Id  inches,  Ac,  according  to  the  first 
clause  of  the  4th  law. 

To  demonstrate  the  3d  and  5th  laws,  it  is  neces- 
sary to  arrest  the  accelerating  force  at  a  given  mo- 
raenL  This  is  accomplished  by  giving  to  B"  the 
form  of  a  slender  bar,  as  shown  in  fig.  38,  long 
enough  to  bo  caught  by  the  sliding  stage  C,  while  B  continues  it«  course  with 
a  uniform  velocity,  from  the  time  it  ceases  to  be  acted  on  by  the  gravity 
of  B".  The  velocity  at  the  end  of  any  second  is  determined  by  the  space 
traversed  during  the  next  second.  If  the  stage  C  is  fixed  at  Uie  distance 
of  one  inch  from  the  top  of  the  scale,  W  will  be  detached  at  the  end  of 
the  first  second,  and  B  will  descend  uniformly  through  two  inches  during 
each  succeeding  second.  If  the  ring  is  fixed  at  the  fourth  division,  the  bar  will 
strike  at  the  end  of  two  seconds,  and  B  will  pass  on  at  the  rate  of  four  inches 
per  second.  By  the  use  of  this  simple  and  ingenious  apparatus,  a  most  satis- 
factory experimental  demonstration  of  the  truth  of  Qalileo's  laws  of  falling 
bodies  is  obtained. 

Morin's  Ajpparatus.— Another  apparatus  for  the  verification  of  these 
laws  has  been  contrived  by  Morin,  a  French  physicist,  in  which  the  velocity  of 
the  falling  body  is  not  retarded,  and  the  error  from  atmospheric  resistance  is 
made  inconsiderable  by  the  use  of  a  large  weight.  The  falling  body  carries  a 
crayon  which  marks  a  line  on  a  rapidly  revolving  vertical  cylinder,  covered  with 
paper,  and  divided  by  vertical  and  horizontal  lines,  representing  respectively 
time  and  distance.  The  line  drawn  by  the  crayon  carried  by  the  falling  body  is 
a  portion  of  a  parabola,  a  curve  whose  distance  from  each  division  on  its  verti- 
cal axis  is  as  the  ratio  of  the  squares  of  the  successive  divisions  on  that  line. 

73.  Application  of  the  laws  of  falling  bodies. — The  laws  of 
falling  bodies  apply  equally  to  every  motion  produced  by  a  uniform 
force  or  pressure. 

In  every  such  motion,  the  velocities  are  proportional  to  the  times  eUpse<1 
Rinoe  the  motion  began ;  the  final  velocity  is  twice  the  average  velocity ;  the 
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I  dMeribed  in  equal  inMeniTe  timat,  inereMa  aa  (ha  odd'mmibara;  and 
tha  whola  apaaaa  ineiaaaa  aa  the  sqnaras  of  tha  timaa  in  which  th^  ara  daaoribad. 
Bvt  in  aaeh  initanaa  tha  rdoeltj  aoqnirad,  and  tha  spaea  deaeribad  in  a  giran 
ttma,  will  be  diiarent;  and  tha  rata  of  aoaalantion  will  narar  ba  lo  rapid  aa  in 
tha  aaaa  of  a  body  iUling  fraaly,  baeaaaa  in  no  other  inatanoe  will  the  Ibiea  ba 
10  grmi  in  proportion  to  tha  qnantitj  of  matter  moTod. 

74.  D— oant  of  bodies  on  inclined  planee-^When  m  body  is 
plaoed  upon  an  inclined  plaoe,  it  descends,  ss  jost  ezplabed,  with  a 
oniibrmly  Booelenited  motioD,  but  its  Telocity  is  less  then  thstof  a  body 
fiOling  freely.    The  weight  of  the  body,  St 

or  its  gravitation,  represented  by  the  line  . 
eg,  Hg,  39,  is  resdyed  (50)  into  two 
eomponents,  one  of  which,  s/(or  p^),  is 
perpendicular  to  the  plaoe,  and  produces 
pressure  only,  and  the  other,  ep  {s^fg)^ 
is  parallel  to  the  plaoe,  and  is  the  cause 
of  the  accelerated  motion.  The  triaugles 
efg  and  ahe  being  similar,  their  cor- 
responding sides  are  proportional,  and 
we  have 

fgi  eg  =  aci  ah; 
that  is,  the  rate  of  acceleration  on  an  inclined  plane,  is  to  that  of  a  body 
falling  freely  as  the  height  of  the  plane  is  to  its  length. 

The  final  velocity  depends  on  the  height  of  the  plane.    In  40 

fig.  40,  let  a  e,  the  height  of  the  plane,  be  i  of  its  length  ab;  a 
then,  that  part  of  the  weight  of  the  body  which  produces 
motion,  is  ^  of  the  whole  force,  and  the  velocity  acquired, 
and  the  space  traversed  in  one  second,  by  the  action  of  this  ^ 
force,  would  be  ^  of  the  velocity  and  space  of  a  body  falling 
freely.  Let  the  line  a  f  represent  lOy^  feet,  and  take  a  d, 
equal  to  i  of  o/;  then,  a  body  starting  from  a  would  arrive 
at  d  in  one  second,  or,  falling  freely,  it  would  reach  /  in  the 
same  time. 

Draw  the  horixontal  line  e  d ;  the  ratio  of  a  e  to  a  <{  is  the 
same  as  the  ratio  of  a  e  to  a  6 ;  that  is,  a  e  is  equal  to  i  of  a  d ;  and  a  d  having 
been  taken  equal  to  i  of  a  /,  a  «  is  1  of  a/.  Since  the  spaces  increase  as  tha 
squares  of  the  times,  the  body  that  would  fall  to  /  in  one  second  would  fall  to 
•  in  i  of  a  second ;  and  (3d  law)  the  velocity  acquired  at  e  would  bo  i  of  the 
velocity  acquired  at  /.  But  we  have  already  seen,  that  the  velocity  acquired 
by  a  body  descending  to  cl,  is  i  of  the  velocity  acquired  by  the  same  body 
ialling  to  /,  in  the  same  time;  henee  the  velocity  of  a  body  descending  tha 
inclined  plane  to  d,  is  equal  to  that  of  a  body  falling  freely  to  « ;  and  generally — 

The  vdociiy  acquired  at  any  given  point  on  an  inclined  plane,  ie 
proportional  to  ike  vertical  distance  of  that  point  below  the  point  of 
departure. 
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From  this  it  also  follows  that  the  average  velocities  are  the  same  in 
descending  all  planes  of  the  same  height ;  and,  iherefore,  the  times  of 
descent  are  proportional  to  their  lengths. 

75.  Descent  of  bodies  on  carves. — It  was  shown  by  Galileo  that 
all  bodies  starting  from  a  horizontal  plane  with  equal  initial  velocities 
arrive  at  the  level  of  a  second  horizontal  plane  with  equal  velocities, 
whatever  kind  of  curve  they  may  have  passed  over.  This  is  a  general 
truth  of  which  the  statement  at  the  close  of  the  last  paragraph  is  only 
a  particular  case.  From  these  principles  it  follows  that  the  velocity 
acquired  in  descending  any  regular  curve  is  the  same  as  would  be 
acquired  in  falling  freely  by  gravity  through  the  same  vertical  height. 
But  the  time  of  descending  a  curve,  concave  upwards,  is  less  than  is 
required  to  descend  an  inclined  plane  between  the  same  points,  while 
for  descending  a  curve  convex  upwards  a  greater  time  is  required. 

76.  Braohystochrone ;  or  carve  of  swiftest  descent. — it  was 
demonstrated  by  J.  Bernoulli,  and  is  confirmed  by  experiment,  that 
a  body  descending  a  cycloid,  whose  base  is  horizontal,  reaches  its 
goal  in  less  time  than  by  any  other  path  between  the  same  points.  The 
cycloid  is  a  plain  curve,  described  by  41 

a  point  on   the  circumference  of   a  hh- 
wheel,  rolling  on  a  level  surface  with- 
out slipping.    The  curve  Ad  in  the 
triangle  hkd,  fig.  41,  is  part  of   a 
cycloid. 

At  first  it  would  seem  that  the 
straight  line  hd,  being  an  inclined  plane,  would  be  the  brachy- 
stochrone,  since  it  is  shorter  than  the  cycloid  joining  the  same  points, 
but  the  latter  descends  very  rapidly  at  first,  and  so  the  falling  body 
acquires  near  its  starting  point  a  much  higher  velocity  than  it  would 
on  the  inclined  plane.  This  increased  velocity  it  adds  to  each  of  its 
subsequent  movements,  and  though  its  velocity  on  arriving  at  d  is  no 
greater  than  if  it  had  passed  down  the  inclined  plane,  it  arrives  there 
in  a  shorter  time  than  it  could  by  any  other  path.  Another  curious 
property  of  the  cycloid  is,  that  a  body  will  descend  from  h  to  din  this 
curve,  in  the  same  time  it  would  descend  to  d  from  any  intermediate 
point  in  the  cycloid. 

77.  Action  and  reaction  of  a  falling  body.— On  arriving  at  the 
liottom  of  a  plane  or  curve,  a  body  will  have  acquired  (5th  law)  a  velo- 
city, such  as  would  carry  it,  in  the  same  time,  over  a  distance  equal  to 
twice  the  length  of  the  descent,  or  cause  it  to  ascend  another  similar 
curve.  The  ascent  of  the  body  being  opposed  by  the  constant  force  of 
gravity,  will  be  retarded  at  a  rate  which  exactly  corresponds  with  its 
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previous  acceleration.    On  the  double  curve  ABC,  fig.  42,  the  bodj 

will  have  equal  velocities  at  any 

two  points  at  the  same  level,  as  at 

£  and  D ;  and  the  velocity  being 

nothing  when  the  bqdy  has  arrived 

at  C,  it  will  descend  again  and 

mount  to  A,  the  point  from  which 

it  first    started.      This  alternate 

movement  being  caused  by  the  constant  force  of  gravity,  would  con- 

tinue  for  ever,  and  furnish  an  instance  of  perpetual  motion,  were  it  not 

for  the  resistance  of  the  air  and  friction,  by  which  the  body  is  gradually 

brought  to  rest  at  B. 

The  pendulmn  is  an  example  of  a  bodj  alternately  ascending  and  descending 
a  very  small  cirenlar  cnrre. 

i  3.   Measure  of  the  Intensity  of  Gravity. 

I.     PEXDULUM. 

7><.  The  pendulum. — Any  body  suspended  by  a  flexible  cord,  or 
wire,  from  a  fixed  point  of  support,  is  a  pendulum.  A  plumb  line  is 
a  pendulum,  and  when  it  is  at  rest,  as  we  have  seen  (GO),  it  shows  the 
exact  vertical,  and  indicates  the  direction  of  the  force  of  gravity.  But 
if  it  is  moved  from  the  perpendicular  into  any  other  position,  and  left 
to  fall,  the  pendulum  swings  in  a  vertical  plane,  and  rises  on  the  other 
side  of  the  vertical  to  a  height  equal  to  that  from  which  it  had  fallen. 
The  cause  of  these  alternate  movements  is  gravity,  and,  the  motion  is 
called  an  oscillation. 

To  aid  in  the  study  of  the  movements  of  the  pendulum,  mathema- 
ticians distinguish  between  the  simple^  or  mathematical  pendulum,  and 
the  compound^  or  physical  pendulum. 

79.  Properties  of  the  simple  pendulum. — The  simple  pendulum 
consists,  by  mathematical  conception,  of  a  single  heavy  particle  of 
matter,  suspended  at  the  extremity  of  a  line,  without  weight,  inexten- 
sible,  and  perfectly  flexible.  Such  an  instrument  is  purely  ideal,  and 
is  conceived  of  only  as  a  convenient  means  of  investigating  the  laws  of 
the  real,  or  physical  pendulum. 

Let  C  M,  fig.  43,  be  a  simple  pendulum,  in  a  vertical  position,  and 
consequently  in  equilibrium. .  If  it  is  moved  to  the  position  C  m,  the 
weight  m  P,  acting  at  the  point  m,  is  decomposed  into  two  components, 
m  B  acting  in  the  direction  C  m,  and  consequently  destroyed  by  the 
resistance  of  the  point  of  support,  and  m  D  perpendicular  to  C  m, 
which  solicits  the  return  of  m  to  the  position  of  equilibrium.     This  !«8i 
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component  is  equal  to  g  sin.  a ;  calling  g  the  accelerating  force  of  gravity* 
represented  by  m  P,  and  a  the  angle  m  C  M,  or  4» 

D  A  m,  which  is  the  same  thing. 

It  is  plain  that  the  component  m  D  must 
diminish  with  the  angle  a,  that  is  in  proportion 
as  the  pendulum  approaches  the  point  of  equi- 
librium C  M.  The  accelerated  velocity  of  its 
fall  is  therefore  not  a  case  of  uniform  accelerar 
tion,  since  it  becomes  null  when  the  pendulum 
is  vertical. 

The  pendulum  does  not  however  rest  at  M, 
but,  in  virtue  of  its  acquired  velocity  (momen- 
tum), it  rises  through  an  equal  ascending  arc« 
M  n,  with  a  retarded  motion,  since  the  compo- 
nent of  gravity,  tangent  to  the  arc  described,  is 
now  turned  in  the  opposite  direction — so  that  this  component  diminiahes 
the  velocity  at  each  point  of  M  n,  by  a  quantity  equal  to  the  increase 
of  velocity  acquired  at  the  corresponding  points  of  mM,  and  equi- 
distant from  M.  Thus  the  acquired  velocity  is  entirely  destroyed  when 
the  pendulum  has  passed  over  the  arc  M  n,  equal  to  M  m.  At  n  it 
rests  for  an  inappreciable  instant,  after  which  it  returns  again  to  M, 
mounts  to  m,  and  would  thus  continue  moving  for  ever  like  the  ball 
rolling  in  a  double  curve  (77),  supposing  it  met  no  resistance  from 
friction  and  the  air. 

Each  swing,  from  n  to  m,  or  m  to  n,  is  called  an  osciUatiotif  and  one 
half  the  angle  n  G  m,  or  one  half  the  arc  n  m,  which  measures  it,  is 
called  the  amplitude  of  the  oscillation.  The  time  occupied  in  describ- 
ing the  arc  m  n  is  the  time  or  duration  of  an  oscillation.  The  angle 
of  elongation  n  G  M,  or  M  C  m,  measures  the  deviation  of  the  pendu- 
lum from  the  vertical. 

80.  laoohronism  of  the  pendalam. — From  the  last  section  it  is 
evident  that  the  movements  of  the  pendulum,  on  each  side  of  the  verti- 
cal, are  made  in  equal  times.  But  it  is  also  true  that  the  duration  of 
an  oscillation  is  always  the  same,  in  the  same  locality,  and  provided 
the  angle  of  elongation,  n  0  M,  fig.  43,  does  not  exceed  4^  or  5^. 
Within  this  limit  the  time  of  oscillation  is  sensibly  the  same,  and  the 
pendulum  requires  as  much  time  to  describe  an  arc  of  one-tenth  of  a 
degree  as  one  of  ten  degrees.  The  explanation  of  this  curious  and  most 
remarkable  fact  is  to  be  found  in  the  varying  length  of  the  component 
D  m,  fig.  43,  which  increases  with  the  angle  of  elongation.  Hence, 
the  greater  length  of  arc  is  exactly  compensated  by  the  greater  velocity 
with  which  the  pendulum  describes  it.    This  is  what  is  meant  by  the 
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of  the  pendnliim— from  two  Giwk 
Imu».    This  uoohmiiui  k  iiot»  howevor,  i 
tnde  of  the  ooeillatkm  it  infinitoly  nnftlL 

8L  Fofmnto  for  tlw  p«iidiilaaL— Tiie  pivymij  of  i 
and  the  other  propertiei  of  tfie  i 
11  infinitely  small,  are  eomprised  in  the  : 
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riepresenting  the  diiraftkm  ef  an 
dnlusB,  «  the  relati<m  betiresn  the 
drele  (equal  to  3-1416),  and  g  the 

If  the  amplitude  of  the  oscillations  is  not 
beeomes^  for  ordinaiy  limiti^ 
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where  a  is  one-half  the  length  of  the  are  n  »,  fig.  43.  It  reqnirss  the 
aid  of  the  higher  mathematics  to  demonstrate  these  formolse  fbllr,  but 
we  may  deduce  from  them  the  following  important  propositions : 

82.  Propooitiona  respecting  the  simple  pendulum. — Ist  OmrU- 
lotions  of  nuUl  amplitude  are  made  in  timet  wauibiy  equal.  By  snbeti- 
toting  in  the  first  formula  /  =  39-14056  inches,  as  determined  by  experi- 
ment, for  the  seconds  pendulum  at  London,  and  let  r=  P,  we  shall 
find  the  accelerating  force  of  grarity,  ^  =  32-175  feet.  Sobstitoting 
these  ralues  of  ^  and  I  in  the  second  formula,  and  also  a  =  3-1416  -:-  90 
=  0-0349,  we  shall  haye  for  the  time  of  Tibration  when  the  elongation 
is  four  degrees  on  each  side  of  the  Tertieal  T=  1-000076,  which  differs 
from  the  time  of  vibration,  when  the  arc  of  vibration  is  infinitely  small, 
by  only  seventy-six  millionths  of  a  seeond. 

2d.  The  duration  of  an  oscHlatioH  in  pendulum*  of  different  lengths, 
M  proportional  to  ike  square  root  of  {he  length  of  the  pendulum.  This 
law  may  be  demonstrated  experimentally  by  comparing  pendulums  of 
different  lengths.  If  the  lengths  are  in  the  ratio  of  1,  4,  9,  then  the 
times  of  oscillation  will  be  as  1,  2,  3,  respectively.  Let  three  such 
pendulums,  arranged  as  in  fig.  44,  commence  to  oscillate  at  the  tame 
time ;  it  will  be  found  that  the  one-foot  pendulum  makes  two  oscilla- 
tions for  each  oscillation  of  the  four-foot  pendulum,  and  three  '/scil- 
lations  for  each  one  made  by  the  nine-foot  pendulum.  The  time  of 
osdllation,  and  the  length  of  the  pendulum  being  known,  we  may 
determine  by  this  law,  Ist,  the  length  of  a  pendulum  wbi<;fa  wmM 
oscillate  in  any  proposed  time;  and,  2dly,  the  time  of  owllation  *A  % 
pendnlum  of  any  proposed  length.    For  the  times  of  oncilUti'/P  um  as 
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the  square  roots  of  the  lengths,  or,  what  is  the  same  thing,  the 
lengths  are  as  the  squares  of  the  times.  44 

Or  mathomatically,  by  substitating  in  the  first  equation 


=V?^ 


Ti  T'  = 


(81)  C  =  ^_1_^  which  is  a  constant  quantity  at  any  giren 

place,  the  equation  becomes  T=  Ci/  L  For  a  pendulum  of 
any  other  length,  as  V,  we  hare  7*  =  Cl/T"and  comparing 
the  two 

T:  T'  =.\/TT\/TT     and  also 

l',V=T^i  TK 

3d.  In  a  pendulum  of  invariable  length  the  duration 
is  inversely  proportional  to  the  square  root  of  the  inten- 
sity of  gravity.     Hence, 

where  g'  and  g  represent  the  intensity  of  gravitation  at  two 
places. 

83.  The  physical  or  oompoand  pendnlam: — Cen- 
tre of  oscillation. — The  simple  pendulum,  as  already 
remarked,  is  only  an  intellectual  conception,  and  cannot  *^ 

be  realized  in  experiment.  Practically,  vv^e  employ  for  the  physioal 
pendulum  a  heavy  body,  suspended  by  an  inflexible  rod  from  a  fixed 
point.     The  axis  of  suspension  is  usually  a  knife  45 

edge  of  steel,  resting  on  polished  agate  planes,  or 
hard  steel.  In  the  physical  pendulum  the  rod  has 
weight  as  well  as  the  ball ;  and  nearly  all  the  ma- 
terial points  of  both  rod  and  ball  are  placed  at 
different  distances  from  the  point  of  suspension. 
Let  us  examine  the  oscillations  of  any  two  of  these 
material  points,  m  and  n,  fig.  45.  If  they  were 
suspended  by  separate  threads,  then,  according  to 
the  3d  law,  m  would  oscillate  more  rapidly  than 
n ;  but  if  they  are  suspended  by  the  same  inflex- 
ible wire,  they  must  move  together,  and  make 
their  oscillations  in  the  same  time.  The  first 
accelerates  the  second,  and  the  second  retards  the 
first,  so  that  their  common  velocity  is  intermediate  between  the  veloci^ 
of  either  of  them,  oscillating  alone.  Such  a  compensation  takes  place 
in  every  oscillating  body,  and  between  the  particles  which  are  nearer 
and  those  more  remote  from  the  point  of  suspension,  there  is  always  a 
point  so  situated  that  it  is  neither  accelerated  nor  retarded,  but  osoil- 
lates  exactly  &a  if  it  were  suspended  alone^  at  the  end  of  a  thread. 
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without  weight*  This  remarkable  point  is  called  the  tenirt  qfosetU 
Hon;  Atid  it^  distaiiL^e  fn>in  the  pi^int  of  avispenaion  is  the  ttngfh  of  M 
peodalum,  Thi^  h  effual  to  tb«*  length  of  a  ^implt!  pendulum  whi 
would  tjdciltate  in  the  same  time  oh  the  phjBic*il  peudulum. 

The  p^jifiitiun  uf  the  centre  i>f  o»cillntiou  depends  upon  the  form,  mag* 
nitude,  and  denstiy  of  the  Beveral  parts  of  tbc  pendulum,  and  th^  posl- 
tiLia  of  its  axid*  If  the  rod  of  the  pendulum  is  thick  in  proportion  to 
the  butl^  its  centre  of  oHcillatlon  will  be  higher  than  in  q  coiitrarj 
ftrr&ngement.  It  la  alwajiii  below  tlte  centre  of  grayitj,  although  v^^iat^ 
arer  rabe»  or  lowers  the  centre  of  gravity  will  change  the  centre  of 
tecillation  in  the  aame  direction,  WAat^vt^r  muy  ht  the  itosiiions  of  the 
point  of  9U4ptn^ion,  and  the  centre  of  o^ctUution^  they  are  alvcaya  inter- 
ehattg^abie  ;  i.  e^,  if  the  pendulnm  h  auspended  bj  its  centre  of  oadlla- 
taoii,  these  two  poinia  exchange  their  functions^  and  the  useillntions  are 
made  in  the  same  time  an  before.  It  is  b^  &b  e^eperiment  of  this  kind, 
that  the  centre  of  oBcillation,  and  conaequentlj  tbe  kngth  of  a  pendu- 
lum, IB  determined.  This  remarkable  property  of  the  compound  pen- 
dulum was  first  demoDstrated  by  Huyghens. 

84.  Application  of  t^e  pendolam  to  the  measarement  of 
time. — Qalileo,  to  whom  we  owe  the  discovery  of  so  many  important 
physical  laws,  discovered  also  the  properties  of  the  pendulum.  When  a 
choir  boy  in  the  great  Cathedral  of  Pisa  (from  whose  bell  tower — the 
leaning  tower  of  Pisa — be  demonstrated  long  afterward  the  laws  of 
falling  bodies),  and  not  yet  eighteen  years  of  age,  his  attention  was 
arrested  by  the  great  regularity  of  the  movements  of  a  lamp  suspended 
by  a  chain  from  the  ceiling  of  the  cathedral.  This  observation  led  him 
to  the  discovery  in  question.  Although  Galileo  attempted  to  employ 
the  pendulum  to  measure  time,  it  was  the  great  Dutch  philosopher, 
Christian  V.  Huyghens,  to  whom  we  are  indebted  for  the  invention 
(in  1656)  of  the  clock  escapement^  by  means  of  which  the  pendulum  is 
made  to  perform  its  proper  function  as  a  time-keeper.*  This  apparatus 
is  seen  in  fig.  46. 

An  oblique-toothed  wheel,  R,  called  a  rachet  wheel,  is  moved  by  a  weight  and 
eord.  This  motion  is  controlled  by  a  piece,  a  6,  called  the  anchor  escapement, 
placed  above  the  wheel  so  as  to  oscillate  on  its  axis  of  suspension,  o  o',  at  right 
angles  to  the  wheel.  The  oscillatory  motion  is  imparted  to  the  anchor  a  b  by 
the  pendulnm  c  P,  which  is  made  to  communicate  with  the  axis  o  o'  by  the 
crotchet  of.    If  the  pendulum  is  vertical  the  apparatus  is  at  rest,  for  then  the 

•  <'  The  Arabian  astronomers,  and  more  especially  En-Junis,  at  the  close  of 
the  tenth  century  and  during  the  brilliant  epoch  of  the  Abbassidian  Califs,  first 
employed  these  vibrations"  (of  the  pendulum)  ''for  the  determination  of  time." 
'Humboldft  Connoty  Vol,  b,  p,  19.) 
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pallet  6  of  the  esoapomont  holda  the  wheel  by  the  point  of  one  of  iti  teeth. 
If,  howovcr,  the  peudulam  is  then  moved  to 
the  left,  the  wheel  is  released  and  moves  for- 
ward by  force  of  the  weight,  until  the  other 
point  of  tho  escapement  a  again  arrests  its 
motion;  but  the  return  swing  of  the  pendulum 
in  its  turn  disengages  a,  and  the  wheel  R  re- 
volves the  space  of  another  tooth,  when  it  is 
a;;ain  caught  on  6,  and  so  on.  The  motion  of 
tlio  wheel  R  is  thus  made  up  of  small  equal 
a.Ivanoes,  succeeding  each  other  regularly  with 
tiiu  oscillations  of  the  pendulum.  The  points 
of  the  teeth  on  the  rtichet  wheel,  and  also  the 
points  of  the  escapement  anchor,  are  carefully  /. 
formed  to  offer  the  least  possible  friction  and  J 
resistance  to  motion. 

The  pendulum  and  escapement  of  a  clock 
are  so  arranged  as  to  prevent  the  clock  from 
running  down,  except  by  the  regular  and 
measured  velocity  indicated  by  the  movement 
of  the  pendulum  and  escapement  On  the 
other  hand,  the  escapement  is  so  constructed 
that  the  rachet  wheel  imparts  to  it  a  slight 
pressure  at  every  swing  of  the  pendulum,  suffi- 
cient to  counteract  the  retarding  force  of  fric- 
tion to  which  the  pendulum  is  subject  The 
train  of  wheel-work,  of  which  the  clock  is  p 
composed,  serves  to  record  the  vibrations  of 
the  pendulum,  and  indicate  at  once  to  the  ob- 
server the  progress  of  time. 

85.  Cyoloidal  pendalom. — Owing  to  the  reeistanoe  of  the  air,  and 
to  friction,  a  pendulum  unconnected  with  other  machinery  has  the 
amplitude  of  its  vibrations  gradually  diminished,  and  vibrations  vary- 
ing greatly  in  amplitude,  vary  very  sensibly  in  the  time  .n  which  they 
are  performed.  To  make  vibrations  of  different  amplitude  absolutely 
isochronous,  Huyghens  conceived  the  idea  of  making  the  pendulum 
describe  a  cycloid,  which,  it  will  be  remembered,  is  the  curve  of  swiftest 
descent  (76).  The  vibrations  of  such  a  pendulum  would,  in  theory,  be 
absolutely  isochronous ;  but  the  mechanical  difficulties  in  the  way  of 
adapting  the  pendulum  to  motion  in  this  curve  forbid  its  adoption. 

A  long,  heavy  pendulum  vibrating  in  a  very  small  circular  arc,  is  found  in 
practice  the  most  perfect,  and  is  for  this  reason  generally  used  in  estronomieal 
clocks.  The  sources  of  error  in  the  clock  arising  fh>m  inequalities  of  tempera- 
ture will  be  considered  in  the  chapter  on  heat 

86.  Physical  demonstration  of  the  rotation  of  the  earth  by 
means  of  the  pendnlnm. — Mr.  Leon  Foucault,  in  1851,  executed  the 
first  physical  demonstration  that  had  been  made  of  the  rotation  of  the 
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Mrth  Upon  iti  mzifl.  Thii  remarkable  and  moat  interesting  esperimenl 
eoBfliflta  in  anapending  a  heavj  ball  to  a  long  and  flexible  wire,  and 
alloiwing  the  whole  to  ribrato  freely,  in  the  manner  of  a  pendalnm. 
Under  theae  eiieamstaneee  it  will  be  (bond,  in  these  ktitndea,  that  the 
plana  ef  Yifantioa  gradually  ohangea  its  position,  taming  slowly  from 
aaat  to  wesl^  or  with  the  motion  of  the  hands  of  a  watdi. 

The  oonneotion  between  the  motion  of  the  pendalnm  plane  and  the 
•ortfi'a  rotatioo,  nay  be  easily  understood.  A  pendnlom  set  in  motbn 
win  oontinne  in  the  same  plane  of  vibration,  howerer  the  point  of  sna- 
penaion  may  be  rotated.  Thif  may  be  proved  I7  holding  in  the  fingers 
m  pendnlum,  made  of  a  simple  ball  and  string,  andoausing  it  to  vibrate. 
Upon  twirling  the  string  between  the  Angers,  the  ball  will  rotate  on  its 
nii%  intfaout^  howofer,  afboting  at  all  the  direction  of  its  vibrations* 
Tba  reason  finr  this  is  obvious ;  the  swinging  pendulum,  when  about  to 
itttn  (altar  an  outward  oeoilladon)  from  its  point  of  rest,  is  made  to 
move  Ikom  that  point  by  gravity  alone,  and  ean,  therefore,  fall  in  but 
one  direction. 

If  a  pendulum  were  oeoillating  at  either  of  the  poles  of  the  earth,  the 
plane  of  rerolation,  as  it  would  not  change  with  the  revolution  of  the 
earth,  would  mark  this  revolution,  by  seeming  to  revolve  in  a  contrary 
direction,  and  in  24  hours  it  would  make  apparently  the  whole  circuit 
of  360  degrees.  But,  at  the  equator,  the  plane  of  vibration  is  carried 
forward  by  the  revolution  of  the  earth,  and  so  undergoes  no  change 
with  reference  to  the  meridians.  Between  the  equator  and  the  poles, 
the  time  required  for  the  pendulum  to  make  360°,  varies  according  to 
the  latitude,  being  greater  the  further  from  the  poles. 

The  observed  rate  of  motion  of  the  plane  of  vibration  nearly  coincides 
with  that  indicated  by  calculation.  Thus,  at  New  Haven  (\.  Uu.  41^ 
ISy),  the  calculated  motion,  per  hour,  was  9*928^  the  observed  m^^n 
was9-97^   (C.S.  Lyman.) 

The  greatest  length  of  the  pendulum  wire  hitherto  employed  wa«  that 
of  220  feet,  in  the  Pantheon  at  Paris.  At  Bunker  Hill  M'>oum«rit  it 
was  210  feet  long ;  at  New  Haven  71  feet.  The  weight  of  the  }M  lu^ 
ployed  (usually  lead),  has  varied  from  2  to  90  pounds.  Tb^  kyri;^  Uk 
wire,  and  the  heavier  the  ball  of  the  pendulum,  the  gr^ai^r  will  \^,  i}^, 
probability  of  accurate  results,  for  when  the  mam  f/f  the  \Mr  U  r/*^ 
and  ite  motion  slow,  the  resistance  of  the  air  will  h»v«  }/u\  ^/w]mu^ 
tively  little  effect  on  the  direction  of  the  r\\/ntifm, 

87.  The  pendulum  mppUed  to  the  atadj  of  ^mrHj^  -K^  tU 
pendulum  we  ascertain  more  aeeurately  than  f/y  airy  'aL^t  mj^*'/:  •Ia 
wrutii  of  the  first  law  of  &Ding  b^^i^i, ;  tjx.,  that  t^why  ^jt  ^^»,^iy 
upon  matter  of  every  description  (7!;.    SewV«,  aM  m/n  r%^^«4ly 
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Bessel,  verified  this  law,  by  using  a  pendulum  having  a  hollow  ball, 
which  was  filled,  successively,  with  various  substances — metals,  ivory, 
meteoric  stones,  wool,  feathers,  liquids,  &c. — that  could  not  be  otherwise 
submitted  to  trial.  This  experiment  affords  the  most  precise  and  unmis- 
takable evidence  that  gravity  (g)  acts  on  all  bodies  in  the  same  manner. 
Since  yc  is  a  constant  quantity,  the  formula  for  the  pendulum  shows 
that  if  T  and  I  do  not  vary,  ff  remains  also  constant. 

88.  Use  of  the  pendalom  for  measuring  the  force  of  gravity  — 
The  value  of  the  term  g  for  any  place  may  bo  easily  obtained  mathe- 
matically (the  length  of  a  pendulum  which  oscillates  in  a  given  time 
{T)  being  known),  by  transposing  the  formula  for  the  pendulum  (81) ; 
thus  we  have  for  the  intensity  sought — 

nH 
g  =  Y7'    *°^  assuming  Tequal  unity,  then  I  is 

the  length  of  a  seconds  pendulum,  and  we  have 
g  =  ,tH. 

Experimentally,  we  may  determine  the  intensity  of  gravity  at  any 
place,  by  counting  with  exactness  the  number  of  oscillations  made  at 
the  place  of  observation  in  a  given  time,  by  a  pendulum  whose  length 
is  known,  and  then  dividing  the  time  by  the  number  of  oscillations. 
Any  error  in  observing  the  time  of  a  single  oscillation  is  thus  greatly 
diminished,  by  subdivision,  and  by  a  sufficient  number  of  repetitions 
this  error  may  be  reduced  to  a  quantity  too  small  for  consideration. 

It  was  thus  that  Borda  and  Cassini,  in  1790,  measured  with  great 
accuracy,  the  intensity  of  gravity  at  the  Observatory  in  Paris,  using  a 
pendulum  composed  of  a  platinum  ball,  suspended  by  a  fine  platinum 
wire,  upon  knife  edges  of  steel,  resting  on  agate  planes.  The  whole 
was  about  four  metres  long,  and  its  oscillations  were  counted,  not 
directly,  but  by  means  of  an  ingenious  comparison  with  the  motions  of  a 
clock  pendulum,  placed  a  few  metres  behind,  marking  by  a  telescope 
the  occurrence  of  a  coincidence  in  the  vertical  position  of  the  two  pen- 
dulums, and  then  observing  the  number  of  seconds  before  a  coincidence 
occurred  again.  The  pendulums  were  inclosed  in  glass  cases,  to  avoid 
currents  of  air. 

89.  Valae  of  g  in  these  experiments. — Alter  carefully  elimi- 
nating the  errors  of  experiment  due  to  the  influence  of  the  air  (the  oon 
sidoration  of  which  would  lead  us  too  far  into  the  refinements  of  this 
subject  for  our  limited  space),  Borda  and  Cassini  found  for  the  intensity 
of  gravity  at  Paris  5r  =  9*8088  metres,  equal  to  32*1798  feet.  This 
value  has  been  confirmed  by  Arago,  Biot,  and  others,  and  slightly  cor- 
rected by  Bessel,  by  considering  the  loss  of  weight  in  air  due  to  the 
motion  of  the  pendulum,  giving  the  quantity  g  =  9*8096  metres. 
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BacondB  peadtiluin. — On   the  other  hand,  whei 
iLceel^ratiDg  furce  of  i^avitj,  g,  at  anj  given  plaee,  it  ih  vwwj 
lal«  th«  laaglh  of  the  simple  pendulum  vibrating  seconds,  niiutuiog  tb^ 
OAeiUatioiia  to  bo  iiiftQitelj  smalU     Thu»  in  ttie  forinula  for  the  pei 
lum  (31),  malcmg  7*^  l^  and  ui^mg  for  (f  the  value  determine 
the  place,  we  have  r=  at  Pam  0'99386C  metre  =  39"  127  ifichei        jl. 
ODrrections  being  made  f^r  the  interference  of  the  air^  this  {quantity,  i 
determmed  bj  Bessel,  i«  0'903781  metro  ^39*12307  inches, 
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90,  The  in  tensity  of  gravity  varies  with  the  latitade.^^V 
nasaefous  ohser^aiions  oaade  with  the  pencjulnm,  i;n  differeot  parts  — 
the  eanb^i  surface,  baTO  ahown  that  the  fori^c  of  gravity  ia  bj  no  meatia 
the  same  al  all  places,  &ad  particularly  that  U  io creases  in  going  from 
the  equator  toward  either  pole.  This  retiult  is  observed  in  the  inorcaa- 
ing  length  of  the  pendulum  vibrating  sooonds,  since  bjr  J  88,  <7  IB  pro- 
portion^ to  /,  the  pendulum  must  be  longer,  as  the  force  of  gravity  is 
greater,  to  preserve  the  ^oine  time  in  o&cUlation.  The  value  of  g  for 
any  latitude  is  obtaineB  with  approximate  accuracy  by  the  formula 
fir  =  32-17076  ( 1  —  0-00259,  cos.  2i),  in  which  i  is  the  latitude  of  the 
place,  and  32.17076  feet  the  value  of  ^  at  latitude  45°.  By  substituting 
for  X,  successively  0°  and  90°,  we  obtain  at  the  equator  g  =  32-0874377 
feet,  and  at  the  poles  ^  =  32*254083  feet. 

The  following  table  of  the  variation  in  the  length  of  the  seconds  pondalum,  with 
the  latitude,  is  condensed  from  a  large  list  in  Saigey.  {PhyBxque  du  Olobe, 
p.  132,  L  2.) 


LeDgth  of  MOODd* 

PlaOM  ObMTTCd. 

LatltodM. 

peodulnm  In  Amerl- 
ean  Inehet.* 

SpiUbergen,    .... 

79°  49'  68"  N. 

39-2161492 

Sabine. 

Greenland,      .... 

740  32'  19"  " 

39-204339 

u 

St  Petersburg,    .     .    . 

69°  56'  31"  " 

39-1704818 

Lutk£. 

Paris, 

48°  50'  14"  " 

39-1299322 

Biot 

New  York 

40°  42'  43"  " 

391023743 

Sabine. 

Jamaica,  W.  I.,  .     .     . 

17°  56'  07"  " 

390362362 

u 

St  Thomas,  W.  I.,  .    . 

Qo  24'  41"  " 

390216688 

it 

Maranbam,     .... 

2°  31'  35"  S. 

390126141 

Foster. 

Rio  Janeiro,    .... 

22°  55'  22"  " 

39-0462899 

Basil  HaU. 

Cape  of  Good  Hope,     . 

330  55'  66"  " 

39-0796405 

Fallows. 

Cape  Horn,     .... 

550  51'  20"  " 

39-1667028 

Foster. 

K.Shetland,   .... 

62°  66'  11"  " 

39-1807176 

(( 

*  In  reducing  Saigey's  tal 

>Ie  of  lengths  of  t 

be  seconds  pend 

alum  at  different 

localities,  to  American  inchc 

iS,  the  French  meti 

■e  has  been  take 

n  at  39-36850535 

ini  hes,  as  adopted  by  the  United  States  Coast  Survey. 
8« 
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Numerous  observations  on  the  U.  S.  Coast  Survey,  and  elsewhere, 
bIiow  that  the  value  of  g  is  by  no  means  rigorously  the  same  at  all 
points  on  the  same  parallel;  a  discrepancy  to  be  explained  only  by 
supposing  an  inherent  difference  in  the  constitution  of  the  earth's  crust 
at  different  places. 

The  variation  of  gravity  with  change  of  latitude  is  due  to  two  causes. 
Ist.  To  the  flattening  of  the  earth  at  its  poles.  2d.  To  the  centrifugal 
force  created  by  the  revolution  of  the  earth  upon  its  axis.  The  last 
cause  also,  beyond  doubt,  induced  the  flattening  of  the  poles  in  the 
earlier  history  of  our  planet. 

91.  Influence  of  the  earth's  figure  upon  gravity. — Until  1666 
the  perfect  sphericity  of  the  earth  had  not  been  questioned,  although  in 
the  preceding  century  the  flattening  of  the  planet  Jupiter  at  the  poles 
had  been  observed.  Subsequently  (in  1672),  Richer,  sent  by  the 
Academy  of  Paris  to  Cayenne,  remarked  that  his  pendulum  no  longer 
beat  seconds  at  the  latter  place,  until  it  was  shortened  a  line  and  a  quar- 
ter from  its  length  at  Paris.  This  observation  at  once  indicated  a  less 
force  of  gravity  at  Cayenne  than  at  Paris,  and  suggested  doubts  respect- 
ing the  sphericity  of  the  earth.  Huyghens  attributed  this  diminution 
of  the  force  of  gravity  to  centrifugal  force,  and  conceived  that  the  earth 
must  be  bulged  out  at  the  equator. 

Huyghens  and  Newton,  assuming  that  the  earth  had  become  solid 
from  an  originally  fluid  mass,  whose  particles  attracted  each  other, 
subject  to  the  laws  of  hydrostatics  and  of  the  centrifugal  force,  arrived 
at  the  conclusion,  from  mathematical  calculation,  that  the  earth's  figure 
was  that  of  an  oblate  spheroid,  whose  polar  diameter  was  about  26 
miles  less  than  its  equatorial.     Laplace  47 

reached  almost  the  same  conclusion,  by 
calculating  the  effect  of  the  equatorial 
mass  on  the  motions  of  the  moon.  The 
effect  of  the  centrifugal  force  upon  a 
yielding  mass,  may  be  shown  by  the  ap- 
paratus, fig.  47.  Two  circles  of  wire,  or 
flexible  metallic  ribbons,  are  attached 
below  to  an  axis,  and  above  to  a  sliding 
ring,  and  being  rapidly  rotated  by  the 
whirling  table,  the  circles  flatten  in  the 
direction  of  the  axis,  and  bulge  at  the 
equator,  as  shown  by  the  dotted  lines. 

But  it  was  only  by  the  actual  measurement  of  an  arc  of  meridian 
that  the  exact  figure  of  the  earth  became  known.  This  important  geo» 
desic  operation  was  undertaken,  by  La  Condamine  and  others,  in  1736 
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in  Peru,  bj  order  of  the  French  govCTiimont^  and  was  less  ficciirfti«. 
ptrformed  by  Picard  in  France,  iu  16G9.  This  operation  led  Ur  tLi 
concluJiion  (alnce  demonstrated  bj  numennis  vimUar  racasuronienti^), 
tbat  the  fiticet^aHtve  area  on  the  same  mi^ridianf  comprised  b^tweeu  two 
TerticaJs  forming  uti  aoglo  of  1^,  become  larger  and  larger  ag  wo  ad- 
vance toward  the  poles*  Conseriaeotly,  iho  equatorial  radius  h  greater 
than  the  polar,  and  the  plumb  fine  ^11  point  to  the  oentfe  of  the  earth 
only  m  one  of  tbo&e  radii. 

The  a!<!trononicr^  Maann  and  Dixon,  who,  in  1764-6,  estabtisbod  tba 
boundaries  between  Pennsylvania,  Delaware,  and  Maryland,  afterwarda, 
in  176J^,  re-tn*asured  a  Une  of  538.007  feet,  with  great  acnuracy,  very  near 
the  mertdian,  for  the  purposa  of  determining  the  value  of  an  arc.  Four- 
fifths  of  this  (434,011  j^^^^)  wa;?  one  unbroken  tine,  without  triangulation^ 
ou  a  Ta*^t  level  plaiti.  They  used  rods  of  fir,  frequently  compared  with  a 
fltandard  braes  measure  at  a  fixed  temperature.  They  found  the  length 
of  a  degree  of  latitude  to  be  303,703  EagUab  feet,  (Phil  Trans.  1768,) 
Thu  gtitierAl  ri^aultfl  mky  be  iUustrated  by  the  following  diagratii* 
Let  the  line  A  Pt  fig*  *3,  feprewnt  m  quad-  *8 

T-^r.  f  .-.f  ^  rn+.^l-iHT^  ofwTiioh  ^1  P  IB   i\i,.  jioljvf^ 

and  0  A  the  equatorial  radius.  Let  us  take 
fltations  on  this  meridian,  one  degree  distant 
from  each  other,  commencing  from  the  equa- 
tor, and  from  each  station  prolong  the  direc- 
tion of  the  plnmh  line  until  it  intersects  the 
plnmh  line  similarly  produced  from  the  pre- 
rious  station ;  a  6  c  are  three  such  points,  and 
It  is  plain  that  the  intersections  of  the  plumb 
lines  from  each  of  the  ninety  verticals  on  the 
quadrant,  would  together  evolve  the  curve 
abcpf  and  the  same  if  the  stations  were  in- 
finite. Objects  on  different  parts  of  the  earth's 
surface  are  not  attracted  to  a  common  centre 
of  gravity.  The  centre  of  gravity  for  any 
pointy  A,  B,  C,  P,  on  the  quadrant,  A  P,  must  lie  in  the  corresponding  points, 
a,  bf  c,  p,  where  the  respective  normals  cut  the  evolute  a  p.  At  A,  for  example, 
the  attraction  of  gravity  acts  as  if  it  originated  at  a,  for  B  at  6,  for  C  at  e,  Ac. 
But  the  inteneity  of  gravity  is  greater  at  B  than  at  A,  at  C  than  at  B,  and  so  on. 
The  revolution  of  the  evolute  ap  on  its  axis  Op  will  evidently  generate  a 
■urfaoe  (called  a  loetu),  in  which  will  be  found  the  centres  of  gravity  for  all 
points  on  the  upper  hemisphere,  and  a  similar  surface  may  be  produced  for  all 
points  on  the  lower  hemisphere  by  the  revolution  of  the  curve  ap\ 

Evidently,  therefore,  a  body  placed  at  the  equator  will  be  very  differ- 
ently affected  by  the  force  of  gravity,  from  what  it  would  if  placed  at 
the  poles.  The  amount  of  flattening  at  the  poles  is  about  -.l^r  of  the 
equatorial  radius,  or,  accurately,  ^^^^^.^  ;  that  is,  the  polar  radius  is  so 
much  shorter  than  the  equatorial — exactly  21*319  kilometres,  equal 
13*246483  miles;  or  in  the  diameter  nearly  26|  miles  (26*492966).     In 
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an  exact  model  of  the  earth  15  inches  diameter,  it  would  be  repre- 
sented by  j^^  of  an  inch ;  a  quantity  tx*  small  to  be  detected  by  the  eye 
or  hand. 

92.  Bzaot  dimensions  of  tiie  earth. — According  to  the  latest  cal- 
culations the  exact  dimensions  of  the  earth,  as  given  by  Kohler,  when 
reduced  to  American  standard  measuAres,  are  as  follows : 

Volume  of  the  earth,    259,756,014,917  cubic  miles. 

Surface  of  the  earth,     196,881,077         square  miles. 

Length  of  a  quadrant,  6213*99609  miles. 

Mean  radius  (lat. 45°),  395594978 

Equatorial  radius,        3962*57302 

Polar  radius,  394932654  " 

Difference  between  the  last  two  dimensions  13*24648  miles. 
The  equatorial  swelling,  or  that  portion  of  the  earth  which  lies  outside  of 
a  perfect  sphere,  whose  circumference  is  described  by  the  polar  radius, 
is  y  J^  part  of  the  whole  volume  of  the  earth.  Two  verticals  include  an 
angle  of  y^  when  they  are  101*7  feet  distant  from  each  other,  and  they 
will  inclose  a  sector  of  V  when  they  are  distant  from  each  other  1*15 
miles. 

93.  Sensible  weight  varies  in  different  localities. — The  Mine 
body  is  sensibly  lighter  at  the  equator  than  at  the  poles  of  the  earth,  in  the 
ratio  of  194  to  195.  This  difference  cannot  bo  detected  by  the  balance,  because 
the  thing  weighed  is  counterpoised  by  an  equal 
standard  weight,  under  the  same  circumstances; 
and  if  both  are  removed  to  another  station,  their 
weight,  if  changed,  will  be  changed  equally,  and  a 
body  and  its  counterpoise  once  adjusted,  will  con- 
tinue  to  balance  each  other  wherever  they  are  car- 
ried. It  is  not  in  this  sense  that  194  lbs.  at  the 
equator  will  weigh  195  lbs.  at  the  poles ;  but  if  we 
conceive  a  body,  y,  suspended  by  a  cord,  imagined  ^ 
without  weight,  passing  over  a  pulley  at  the  equator, 
as  in  the  annexed  figure,  49,  and  connected  by 
other  pulleys,  all  without  friction,  with  x,  another 
equal  weight,  at  the  poles;  then,  although  the 
weights  would  counterpoise  each  other  in  a  balance,  they  would  not  in  this 
situation,  but  the  polar  weight  would  preponderate,  and  y  wimld  require  to  bo 
increased  by  _  i    th  part,  to  restore  the  equilibrium. 

The  above  phenomena  are  readily  demonstrated  by  the  spring-balance,  or 
dynamometer  (37.) 

94.  BfFect  of  the  earth^s  rotation  on  gravity. — ^Newton  and 
others  have  determined,  by  calculation,  that  the  increase  of  wei^t, 
due  to  the  spheroidal  form  of  the  earth,  is  *!.,  when  a  body  is  trans- 
ported from  the  equator  to  the  poles ;  yet  the  difference  of  wei^t  if 
found  experimentally  to  amount  to  the  much  more  considerable  quMi- 
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Iltf  of^  T I  r  pi^rt  ^^  ^^  tat&\  weight  of  the  bwiy.  Thii  re  diffeT«nA 
is  M»^iuit«fl  for  bj  the  centrirugal  force,  which  is  DothiDg  at  the  po 
aud  regukrijr  iucrespieH  towards  the  equator,  where  it  i^  greateHt»  ai*u 
in  the  Mmo  ratio  dimini^be^  the  weight  of  hodies  f>a  the  earth's  ^ur- 
&ee.  The  earth  revolves  once  in  24  houra^  hut  if  it  revolved  seventeen 
tiiiie^  m^re  rapid  I  j  than  it  now  does,  or  in  Ih.  24tn,  25^. « the  centrifuj^al 
force  won  Id  balance  the  fierce  of  gravity^  and  bodies  at  the  cqnator  would 
have  no  ieo«ible  weight.  If  the  voltmitj  of  revolution  was  farther 
inctv^i^ed  the  oveaiJH  would  be  thr<»wn  off  like  water  from  a  grindstone^ 
And  all  loo»e  materials  would  fall  iuto  stpaee. 

Domonstration.^By  the  l«w»  of  (^vntriri]g«]  force  it  foUnir^  that  Iho  ob- 
HtrrfKi  ttuLi^lit  uf  uij  miliiAt&nca  od  tk^  oarth's  surfnt^e  is  th«i  diiTerencfs  bL^iwui-d  Ihu 
«ftrUi'i  uUn£U<ia  add  the  centrifugal  force  d^voiopud  bj  tb«  rvTulutioo  of  the 

eutlk.     By  I  5i  ihe  centiifugaJ  forre  at  the  eqttiUoT  =.  Q  ^  -^     -  \  li  being  tbo 

■qovtorial  rmdiiiir  uid  7  a  diumml  nTolatioa.     If  G  represent  tbe  ftttra^^don  of 

tlttt  mtb,  jmd  g  the  wdgbt  of  n  body  at  ih«  equator,  then  (  I  )^^G —, 

Let  m,  fig.  50,  be  a  material  particle  taken  on  any  parallel,  and  represent  A  m, 
the  radias  of  t^is  parallel,  by  r,  the  centrifugal  50 

foree  at  this  pointy  m/=  a  =  — -•.    Bat  as  this 

foree  does  not  act  in  the  direction  of  gravity,  de- 
compose it  into  two  others,  one  of  which,  m  b, 
being  at  right  angles  to  gravity,  has  no  effect 
vpon  it,  and  the  other  m  a  acting  directly  against 
grarity.  Let  m  0  E,  the  latitude  of  the  place, 
which  is  equid  to  a  m/,  be  designated  by  L,  then  in 
the  right-angled  triangle  a  m/,  m  a  is  equal  to 
••/  X  cosine  of  a  mf  =  e  cos.  L.  In  the  triangle 
AmO,  Am  =  r  •=!  R  cos.  L,     It  follows  that  the  vertical  component  ma  :=r: 

liOR 

cos.'  L,     The  force  of  gravity  at  m  is  then, 


An'R 


L. 


The  diminution  of  gravity  due  to  the  centrifugal  force  is  therefore  propor- 

ticinid  to  the  square  of  the  cosine  of  the  latitude.    At  the  pole,  where  L  =  90°, 

g  =.  O.    At  the  equator  X  =  0,  and  g  is  found  by  the  formula.     In  the  first 

formula  (])  the  value  of  the  second  term  of  the  equation  being  very  small  in 

/          Aii^R\ 
relation  to  the  first,  gives  very  nearly  g  z=.  0  [\ j  j,  by  placing  &  as  a 

common  factor,  and  replacing  it  in  the  denominator  of  the  second  term  by  g. 

Taking  for  the  mean  radius  of  the  earth  7?  =  20,887,413  feet,  and  g  =  32-1798 
feet,  and  T^  86,164  seconds  (the  time  of  a  revolution  of  the  earth  on  its  axis), 

we  find  for  the  value  of very  nearly  —  =  If,  therefore,  the  earth 

gT^        ^  •'289       17« 
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reTolred  17  timea  faster  than  it  does  at  present,  making  T  serenteen  tioMf 
smaller,  the  second  term  in  the  parenthesis  would  become  nnitj,  and  the  ralm 
of  ^  would  be  zero,  or  bodies  at  the  equator  would  have  no  weight.  The  expres- 
sion (1)  enables  us  to  calculate  the  attractive  force  at  the  equator,  assuming  as 
a  starting  point  the  value  g  =  32*09025  feet  as  the  value  of  gravity  as  indicated 
by  the  pendulum.  We  then  find  the  attractive  force  at  the  equator  O  =  32*20147 
feet,  and  the  centrifVigal  force  at  the  equator  =:  0*111216  feet. 

95.  Variation  of  gravity  above  the  earth  and  below  its  siir- 
faoe. — By  the  law  of  gravitation  it  follows  that  as  we  rise  aboye  the 
earth  the  force  of  gravity  must  diminish.  This  diminution  is  snffieient 
to  be  appreciable  at  any  considerable  distance  above  the  level  of  the 
sea ;  therefore,  to  compare  the  results  of  experiments  relating  to  the 
force  of  gravity  at  different  situations  on  the  earth's  surface,  it  is  neceo- 
sary  to  reduce  all  observations  to  a  common  standard — the  sea  level. 

Representing  by  g^  the  intensity  of  gravity  at  any  elevation  A,  and 
the  earth's  radius  by  R,  neglecting  the  variation  of  the  centrifugal 
force,  we  have 

5r:/  =  (i?4-A)«:i?;hence5r  =  ^i^±^. 

The  mean  distance  of  the  moon  from  the  earth's  centre  is  about 
sixty  times  the  equatorial  radius  of  the  earth,  and  it  completes  its  orbit 
(assumed  to  be  circular)  in  27*322  days.  As,  therefore,  the  intensity 
of  the  earth's  attraction  at  the  moon  equals  the  centrifugal  force  (as  is 
evident  from  physical  astronomy),  this  force  can  be  calculated  by  sub- 
stituting for  R  sixty  times  the  earth's  radius,  in  the  formula  for  centri- 
fugal force.   Substituting  for  T  the  time  of  a  lunar  revolution  expressed 

4t'  X  6012 
in  seconds,  we  find  for  the  earth's  attraction  on  the  moon  g  =  * — j 

=  0.00G79  feet,  which  is  about  3G00  times  less  than  the  attraction  of 
the  earth  for  bodies  on  its  surface  at  the  equator  (assuming  for  bodies 
as  distant  as  the  moon  that  the  attraction  of  the  earth  is  concentrated 
at  its  centre).  This  agrees  with  the  law  of  gravitation,  the  square  of 
60  being  3600. 

Below  the  earth's  anriaoe,  assuming  the  earth  to  be  a  sphere,  the 
force  of  gravity  is  proportional  to  the  distance  of  the  particle  from  its 
centre.  It  is  plain  that  the  force  of  attraction  at  any  point  beneath 
the  surface  is  diminished  by  whatever  part  of  the  earth  is  above  the 
particle,  and  the  resultant  force  is  the  difference  between  the  two  com 
ponents.  Could  a  body  bo  placed  in  empty  space  at  the  centre  of  the 
earth,  it  would  be  sustained  there  without  any  material  support  by  the 
equal. and  opposite  attractions.  It  can  also  be  demonstrated  mathe- 
matically that,  if  the  earth  were  a  hollow  sphere  of  uniform  density, 
a  material  particle  would  remain  at  rest  at  any  point  within  it.    It 
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p  foUowB  frem  this  that: — The  aiiraetion  of  ike  earik,  fir  a  pariktc  of 
maiter  bdmo  ilM  surfact,  u  dirtctbj  proportianal  to  its  distance  from  the 
cmire  of  the  taHh, 

j  4^  Maflfl  and  Weight. 

96*  Bf  ass. — The  maas  of  a  body  is  the  quantity  of  matter  which  it 
OQDtainH  \  and  sinee  the  ahsohiU  weight  of  a  masa  of  matter  ia  the  «um 
of  the  attraction  of  gravitaCioD  upon  all  its  molecule^^  it  follows  that,  in 
liie  same  place,  the  masies  of  bodies  are  to  each  other  as  thetr  weights. 
Ofttluig  the  mass  JIf  and  the  weight  IF,  and  the  force  of  gravity  g^  for 
■Aj^ven  b<Mly,  then  Wt=^  Mg.  We  have  already  seen  (41)  that  the 
raa^eei  of  bfjdies  may  be  compared  by  the  forces  Tec|iitred  to  impart  to 
them  equal  velocities.  Since  gravity  acts  equally  on  matter  of  what^ 
ever  description,  this  comparison  may  also  be  made  by  comparing  their 
weigh t£  when  otherwise  under  the  same  conditions. 

97.  ^^Telglit, — T!ie  term  weight  as  used  above^  and  always  in  scien- 
tific Language,  means  the  pressure  exerted  by  a  given  mass,  due  to  the 
force  of  gravity.  This  varies,  as  we  have  seen,  with  the  force  of  gravity, 
mnd  18  not  the  same  for  the  same  mass  at  all  parts  of  the  earth's  sur- 
fiuse  (93).  The  weight  of  any  given  kind  of  matter  varies  also  with  its 
mrnss.  A  mass  of  two,  three,  or  ten  times  a  given  unit  weighs  two, 
three,  or  ten  times  as  much  as  that  unit  at  the  same  place,  and  hence 
we  are  very  prone  to  confound  the  weight  of  a  substance  with  its  mass. 
On  the  surface  of  the  earth  this  confusion  of  terms  can  lead,  as  we  have 
seen  (93),  to  an  error  of  only  about  one  two-hundredth  part  of  the 
whole  (ji^)*  That  is,  a  mass  of  iron  weighing  1000  lbs.  on  the  equator 
would  weigh  1005  lbs.  at  the  pole.  Such  a  mass  of  iron  would  weigh 
only  500  lbs.  at  a  distance  of  2000  miles  below  the  surface  of  the  earth, 
or  1650  miles  above  the  earth,  and  only  160  lbs.  on  the  moon,  while  it 
woold  weigh  about  2600  lbs.  on  the  planet  Jupiter,  and  28,000  lbs.  if 
placed  on  the  sun. 

98.  Density. — ^Tbe  density  of  a  body  is  the  mass  comprised  under  a 
unit  of  volume,  or  ir=  FX  A  where  the  mass,  JIf,  of  a  body  is  equal 
to  its  volume,  F,  multiplied  by  its  density,  D ; 

transferring,  we  have     F=-^. 

This  may  be  otherwise  stated,  thus — 1st,  the  mass  is  proportional  to 
the  volume ;  2d,  for  an  equal  volume  the  mass  is  proportional  to  the 
density ;  and,  3d,  the  density  of  the  same  mass  is  inversely  proportional 
,io  the  volume  it  occupies. 

99.  Specific  weight  is  the  weight  contained  in  a  unit  of  volume;  this 
is  also  often  called  specific  gravity.   Representing  specific  weight  by  w. 
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and  absolute  weight  by  fPi  we  have  Jr=  Vy^w^  heDce,  let,  the  weight 
18  proportional  to  the  volume ;  2d,  for  an  equal  yolume  the  absolute 
weight  is  proportional  to  the  specific  weight ;  and,  3d,  for  equal  abso 
lute  weights  the  specific  weight  is  inversely  as  the  volume. 

By  the  first  formula  we  have  w  =  Dg,  whence  w  is  the  weight  of  the 
unit  of  volume,  and  D  its  mass.  Replacing  w  by  this  value  in  the  last 
formula,  it  becomes  W=:  VX  D\g, 

Specific  weight  differs  therefore  from  density  exactly  as  weight 
differs  from  mass.  Both  weight  and  gravity  vary  with  the  latitude, 
and  the  unit  accepted  as  a  standard  varies  also,  but  when  the  same 
standards  are  employed,  the  numbers  expressing  the  weights  remain 
unchanged,  and  no  sensible  error  results.  The  terms  density  and 
specific  gravity  have  thus  been  used  interchangeably  for  each  other, 
although,  speaking  strictly,  involving  differept  quantities.  The  balance 
is  the  common  instrument  used  to  determine  weights.  It  will  be 
described  under  the  lever,  of  which  it  is  one  form. 

100.  French  ayatem  of  weights. — As  in  measures  (16),  so  in 
weights  it  is  indispensable  to  assume  some  arbitrary  standard  unit. 
The  French  have  assumed  as  their  unit  of  weight,  the  pressure  exerted 
by  one  cubic  centimetre  of  pure  water  at  its  maximum  density  (39°.2 
Fahrenheit),  in  a  vacuum,  and  at  the  latitude  of  Paris.  This  unit  is 
called  a  gramme,  and  it  weighs  (nearly)  15:433  grains  English.  The 
gramme  is  multiplied  and  divided  decimally,  and  these  multiples  and 
subdivisions  are  named  on  the  same  plan  with  the  parts  of  a  metre : 
Tims  we  have. 


1  Kilogramme    =  1000  grammes, 
1  Hectogramme  =    100  " 

1  Decagramme  =10         " 
1  Gramme  =       1         " 


1  Gramme  =  1*000  gramme, 

1  Decigramme  =  0*100  " 
1  Centigramme  =  0*010  " 
1  Milligramme  =  0*001  *' 

The  kilogramme  is  the  commercial  unit  of  weight,  and  is  rather  less 
than  2}^  lbs.  avoirdupois,  being  15,432*42  English  grains. 

The  French  unit  is  of  course  a  gramme  only  at  Paris,  and  at  higher 
or  lower  latitudes  weighs  (according  to  the  principles  before  explained) 
more  or  less  than  a  gramme.  But  this  leads  to  no  practical  inconvo- 
nience,  so  long  as  a  set  of  exact  measurements  made  in  one  latitude  are 
not  brought  into  rigorous  comparison  with  those  made  by  the  same 
standard  in  another  latitude.  The  general  acceptance  of  the  French 
system  among  scientific  men,  and  its  special  fitness  for  scientific 
research,  ovring  to  the  very  simple  relation  which  exists  between  it  and 
the  system  of  measures  already  described,  would  seem  to  render  the 
universal  adoption  of  a  decimal  system  of  weights  and  measures  for 
the  United  States  one  of  the  great  desiderata  still  to  be  accomplished 
for  our  common  country. 
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101.  n«gi««fc  and  Ammrioan  mfutrnm  oi  weights. — ^In  I!iigkuid« 
M  in  the  Unitad  States,  two  distinct  anits  of  weight  are  in  oommon  use, 
leading  to  constant  confusion,  both  of  terms  and  qaantities.  These 
units,  the  Trap  pawuL  and  the  Awirdupoit  pounds  are  entirely  arbitrary. 
Thej  are  represented  bj  certain  masses  of  brass,  declared  by  law  to  be 
the  legid  standards  of  the  above  names.  These  pounds  are  related  to 
each  other  in  the  ratio  of  144  to  175,  and,  excepting  the  grains, 
none  of  their  subdivisions  are  alike.  The  troy  pound  contains  5760 
grains  divided  among  12  ounces,  and  the  avoirdupois  pound  contuns 
7000  grains  divided  among  16  ounces.  The  legal  standard  of  weight 
in  the  United  States  is  the  troifpamnd^  copied  by  Gapt.  Eater  in  1827 
from  the  En^ish  Imperial  Troy  pound,  for  the  D.  S.  Mint  at  Philadel- 
phia, where  it  now  is.  The  avoirdupois  pound  is,  however,  the  unit 
of  weight  in  actual  use  in  most  commercial  transactions.  Kater's  <M>py 
of  the  troy  pound  is  a  standard  at  62°  of  Fahrenheit's  thermometer  and 
20  inches  of  the  barometer.  A  cubic  inch  of  distilled  water  weighs  in 
the  air  at  62°  Fahrenheit  and  30  inches  barometric  pressure  252*456 
grains. 

The  English  standard  of  weight  is  connected  with  that  of  measure  by 
the  parliamentary  enactment,  that  277*274  cubic  inches  shall  constitute 
the  Imperial  gallon  of  70,000  grains,  or  ten  pounds  of  pure  water  at 
6^°  F.  and  30  inches  barometric  pressure. 

The  American  standard  gallon  contains  at  39°'83  F.  (the  maximum 
density  of  water  adopted  by  Hassler)  58,372  grains  of  pure  water  at  30 
inches  barometric  pressure.  Tablos  for  the  comparison  and  reduction 
of  the  French,  English,  and  American  units  will  be  found  at  the  end 
of  this  volume. 

102.  Estimation  of  the  denaity  of  the  earth  by  experiment. — 
In  the  vicinity  of  a  mountain  a  plumb-line  is  not  truly  perpendicular, 
but  is  drawn  to  one  side  by  the  lateral  attraction  of  the  mountain.  The 
amount  of  this  deviation  is  measured  by  observations  on  the  zenith  dis- 
tances of  a  star,  at  two  stations  on  opposite  sides  of  the  mountain,  and 
on  the  same  meridian.  This  deviation  was  first  noticed  near  Mount 
Chimborazo  in  1738,  by  the  French  Academicians  engaged  in  measuring 
a  meridian  arc  in  Peru,  where  the  deviation  was  7'^'^'5.  In  1774,  Mas- 
kelyne  found  a  deviation  of  5'''^'83,  caused  by  the  lateral  attraction  of 
Schehallien,  an  isolated  mountain  in  Scotland.  Hutton  spent  three 
years  in  ascertaining  the  mean  attraction  of  one  thousand  stations  on 
this  mountain ;  a  labor  rewarded  by  the  Roynl  Society  of  London. 
estimating  the  mean  density  of  the  rocks  of  Schehallien*  at  2*5  to  3  2, 
«•  determined  by  Playfair,  the  mean  density  of  the  earth  was  detei^ 

I  to  be  over  five  times  the  density  of  water.    The  accurate  inves- 
9 
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tigation  of  this  problem  was  one  of  the  highest  importance  in  astronomy, 
since  it  furnished  the  means  of  determining  the  mean  density  uf  the 
earth,  by  comparing  its  attraction  with  the  attraction  of  a  part  of  its 
mass,  whose  density  could  be  ascertained  by  direct  experiment. 

This  problem  is  solved  with  much  greater  precision,  by  the  famous 
experiment  of  Cavendish,  in  which  the  earth's  attraction  is  compared 
with  that  of  a  mass  of  lead. 

CavondiBh'B  determinatioDi  of  the  density  of  the  earth  wore  made,  in  1798, 
by  means  of  an  apparatus  suggested  by  the  Rev.  John  Michell. 

"  Michell's  apparatus  was  a  delicate  torsion  balance,  consisting  of  a  light 
wooden  arm,  suspended  in  a  horizontal  position,  by  a  slender  wire  60  inches 
long,  and  having  a  leaden  ball,  about  2  inches  in  diameter,  hung  at  either  ex- 
tremity. Two  heavy  spherical  masses  of  metal  were  then  brought  near  to  the 
balls,  so  that  their  attractions  conspired  in  drawing  the  arm  aside.  The  devia- 
tion of  the  arm  was  observed;  and  the  force  necessary  to  produce  a  given  devi- 
ation of  the  arm,  being  calculated  from  its  time  of  vibration,  it  was  found  what 
portion  of  the  weight  of  either  ball  was  equal  to  the  attraction  of  the  mass  uf 
metal  placed  near  it.  From  the  known  weight  of  the  mass  of  metal,  the  dis- 
tance of  the  centres  of  the  mass,  and  of  the  ball,  and  the  ascertained  attraction, 
it  is  easy  to  determine  the  attraction  of  an  equal  spherical  mass  of  water,  upon 
a  particle  as  heavy  as  the  ball  placed  on  its  surface.  Now  the  attraction  of  this 
sphere  will  have  to  that  of  the  earth  the  same  ratio  as  their  densities ;  and  as 
the  attraction  of  the  earth  is  equal  to  the  weight  of  the  ball,  it  follows,  that  as 
the  calculated  attraction  is  to  the  weight  of  the  ball,  so  is  the  density  of  watei 
to  the  earth's  density,  which  is  thus  determined."    (  Wihon't  Life  of  Cavenditlu) 

A  comparison  of  about  two  thousand  experiments  with  an  improved 
form  of  this  delicate  apparatus,  conducted  by  Mr.  Francis  Bailey,  in 
1842,  determined  the  mean  density  of  the  earth  to  be  5*6604  times  that 
of  water.  It  is  worthy  of  remark  that  Newton,  whose  gitesttes  were 
often  worth  more  than  the  researches  of  less  sagacious  men,  had  con- 
jectured the  earth's  density  to  be  between  5  and  6  times  the  density 
of  water. 

The  calculation  is  conducted  thus.  Let  L  be  half  the  length  of  the  horixontal 
arm  of  wood.  O  the  attraction  of  the  masses  of  lead,  and  t  the  time  of  an 
oscillation — neglecting  the  effect  of  torsion— Then,  according  to  the  theory  of 
the  pendulum  (81), 

Take  I  for  the  length  of  a  simple  pendulum  oscillating  in  the  same  time  (<)  by 
gravity,  and  we  have 

« =  w.    i;     OT  L:  0  --l:gy9Si^liL  =  g:0. 

Calling  the  attraction  of  the  unit  of  mass  upon  the  unit  of  mass  at  the  unit  of 
distance  a ;  the  mass  of  each  sphere  of  lead  m ;  cf  the  distance  from  the  oentro 
of  this  sphere  to  that  of  the  attracted  sphere  when  in  the  position  of  eqailibrlnm  ; 


GRAVITATION. 

•Adf  U«llj,  M  the  mui  and  /?  tH«  sn^aii  nidiiii  of  the  »irili|  aDd  wo  [mavc^ 
M«ordiii£  to  the  lAWi  of  attrsctioi],        , 

am  ali 

Ej  tulwtitQiliifg  tltiK*  raluiMi  oi  G  aad  ^  in  tha  taat  pruportipn.  It  become* 

wbloh  fijKH  tb«  ntio  betwe«ii  tbc*  maaa  of  the  earth  (JV)  Mid  th«t  i}f  ati«  of  iho 
BUAHfl  of  lead  (ffi)^  aa  i^ivcn  bj^  tbta  balaoee^  Tho  roimaD  of  ibe  <?artb  being 
rfpf^««nted  bj  F,  and  iU  mcati  di^naiij  hj  />,  «re  bare  by  (0B)  if^V^X  A 
from  ubicb,  Jf  and  V  being  knowtii  /J  ifl  dcdaced. 

The  inferenoe,  utmvoidiLblc*^  from  those  fnet»  is«  that  the  iaterw 
parte  of  the  earth  oiust  be  much  more  dense  than  the  superficial  crust. 
Granite  and  other  rocks  oa  the  earth's  Burftwio  have  an  average  density 
of  about  2' 5.  This  rem&rkabte  foci  may  be  esplamed,  partly  by 
remembering  that  the  interior  parts  of  the  earth  sustaiD  the  enormouii 
pressure  of  the  surfoce  portions,  and  partly  by  the  hypothesis  of  primi- 
tive fluidity,  which  authorizes  the  belief  that  the  more  dense  portions 
of  the  planet  would  seek  the  lowest  place,  and  the  lighter  parts  the 
sarface. 

2  5.   Motion  of  Projectiles. 

103.  Projeotiles  are  bodies  throton  into  the  air  by  some  momentary 
force.  They  are  therefore  subject  to  two  forces,  one  the  projectile 
force,  which  is  momentary,  the  other  the  constant  force  of  gravity. 

When  a  body  is  projected  vertically  upward,  it  rises  with  a  uniformly 
retarded  motion,  the  action  of  gravity  diminishing  the  velocity  of  ascent, 
at  every  instant,  until  the  projectile  force  is  expended,  when  the  body 
commences  to  descend,  and  passing  every  point  in  its  downward  path 
at  the  same  rate  as  in  its  upward  flight,  it  acquires  at  the  end  of  its 
fall  a  velocity  equal  to  that  with  which  it  was  projected. 

In  the  same  manner  when  a  body  is  projected  vertically  downwards 
its  path  is  the  same  as  that  of  a  body  falling  freely,  but  the  space 
traversed,  and  also  the  velocity,  are  resultants  of  the  sum  of  the  two 
forces.  These  are  simple  cases  under  the  laws  of  uniformly  accelerated 
or  retarded  motion  already  considered  (32). 

If  the  direction  of  the  projectile  is  not  perpendicular,  then  the  path 
of  the  projectile  must  be  a  curve  (51). 

Thus,  if  a  cannon-ball  is  shot  in  the  direction  a  h  (fig.  51),  with  a  velocity 
which  would  carry  it  through  the  space  a  I  in  one  second,  then,  by  the  laws  of 
inertia,  it  would  eontinue  in  this  lino,  passing  through  equal  spaces  in  equal 
times.  If  it  was  acted  upon  by  gravity  alone,  it  would  move  in  the  vertical 
a  e,  thrcQgb  the  «paoe«  I'  II'  IIP,  in  oorresponding  seconds.     But,  while  it  is 
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projected  in  the  direction  a  6,  it  is  subjeot  also  to  the  aetion  of  gr^ritj,  And, 
like  any  other  body,  must  fall  throu^  the 
vortical  8pa<:e  of  16J^  feet  during  the  1st 
second  ,*  at  the  end  of  that  time,  therefore,  it 
will  be  found  at  e,  instead  of  at  I.  In  the 
same  manner,  at  the  end  of  the  2d  and  3d 
seconds,  it  will  be  at  /  and  </,  instead  of  II 
and  III ;  and  at  the  end  of  four  seconds  the 
body  will  arrive  at  A,  the  result  by  the  paral- 
lelogram of  forces  being  exactly  the  same  as 
if  it  had  been  first  carried  by  the  projectile 
force  in  the  line  a  b  during  four  seconds,  and . 
then  allowed  to  fall  during  four  seconds  by 
the  action  of  gravity  over  bh  =  ac.  Sinc« 
the  action  of  the  projectile  force  is  only  mo- 
mentary, while  the  effect  of  gravity  is  con- 
stantly increasing,  the  body  will  not  describe 
the  diagonals  of  the  parallelograms,  ae,  a/, 
4e.,  but  a  curve,  which  in  mathematics  is 
stalled  a  parabola,  indicated  by  the  dotted 
■^Ine  connecting  a  e/g  and  h. 

By  a  similar  oonstmotion,  we  find  the  path 
of  a  body  projected  horizontally,  or  obliquely  downwards,  in  which  cases  the 
l)rojeotile  will  desoril^e  one-half  of  a  parabola.  In  every  case  the  path  of  the 
projectile  is  a  complete  or  partial  parabola,  whose  axis  is  in  the  direction  of 
gravity ;  and  its  vertical  distance  below  the  line  of  projection  at  any  given 
moment,  is  always  equal  to  the  space  it  would  have  fallen  freely  during  the  time 
8inc«  it  was  projected. 

By  the  principle  of  parallelogram  of  velocities,  it  is  evident  that  in  the  time 
the  body  would  describe  the  curve  a  efghy  it  would,  \\ithoat  the  action  of 
gravity,  describe  the  line  ah  =  rt,  v  being  the  velocity  of  projection,  and  t  the 
time  of  flight.  Let  a  be  the  angle  of  elevation  bah,  t '  the  vertical  velocity, 
and  v"  the  horizontal  velocity,  then  »'  r=:  v  sin.  a,  and  v"  -  v  cos.  a.  The  ver- 
tical velocity  would  evidently  be  spent  in  one-half  the  time  of  flight,  and  an 
equal  descending  velocity  would  be  acquired  at  the  time  of  striking  the  point  h, 

2fsin.a 
hence,  v'  =z  v  sin.  a  =  ^gt,  and  /  := =  the  time  of  flight     The  hori- 


multiplied  by  the  time  of 
'  sin.  2a 


xontal  range  will  equal  the  horizontal  velocity 
2v  sin.  a       2v^  sin.  a  cos.  a 

flight  i=  V  COS.  a  X  = —  = • 

9  9  9 

This  value  of  the  horizon tnl   range  62 

ah  1%  evidently  the  greatest  for  any 
value  of  Vj  when  sin.  2a  =  1,  or  a  = 
45° ;  and,  for  elevations  equally  above 
and  below  45°,  the  horizontal  range 
will  be  equally  diminished;  that  is, 
the  horizontal  range  will  be  the  same 
for  an  elevation  of  40°  as  for  50°,  and 
the  same  for  an  elevation  of  30°  as  for 
60*^.     Fifr.  ''i2  Khnwn  the  forrn  of  the  curves  dwcxWi^  Vj  "^to^^si^VW  %.! 
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anguUr  elevatione  of  0**,  15^  45^  60°,  and  OOP  (AB.  AC,  AD,  AE, 
AF).  The  dotted  lines  show  the  angles  of  projection,  and  the  smooth 
lines,  with  corresponding  letters,  show  the  paths  described  by  the 
projectiles.  The  effect  upon  the  flight  of  projectiles  produced  by 
resistance  of  the  air,  will  be  considered  hereafter. 

104.  The  ballistic  pendulam  is  an  instrument  employed  to  mea- 
sure the  velocity  of  projectiles.  A 
heavy  mass  of  wood  and  iron,  shown 
at  6,  iig.  53,  is  suspended  at  C,  on  a 
shad  three  or  four  yards  in  length 
over  a  graduated  arc  B£D.  The 
ball,  fired  in  the  direction  N  N, 
strikes  the  ballistic  pendulum  at  A, 
and,  penetrating  the  heavy  mass, 
imparts  to  it  a  velocity  which  is 
determined  by  comparison  of  the 
arc  E  D  described  by  the  pendu- 
lum, and  the  time  in  which  the 
whole  iiijiss  is  found  to  vibrate.  S 
is  sufjpnsed  to  be  the  centre  of 
gravity,  M  the  centre  of  oscillation, 
C  (1  the  iirm  of  impact,  and  M  H  the 
perpendicular  height  through  which  the  pendulum  rises.  From  thes^e 
data  the  velocity  of  the  ball  at  the  moment  of  impact  can  be  calculated. 


Problems. — Falling  Bodies. 

17.  If  a  ittouo  is  dropped  into  a  well,  and  it  is  seen  to  strike  the  water  at  the 
cod  of  3  seounds,  what  is  the  depth  of  the  well  ? 

IS.  A  body  is  projected  upward  with  a  velocity  which  will  carry  it  to  the 
height  of  64  feet  4  inches ;  afl€r  how  long  a  time  will  it  be  descending  with 
half  the  original  velocity  ? 

19.  Find  the  velocity  with  which  a  body  must  be  projected  upwards  from  the 
foot  of  a  tower,  so  as  to  meet  half  way  another  body  let  fall  at  the  same  time 
from  the  top  of  the  tower. 

20.  A  balloon  is  ascending  vertically  with  a  given  velocity,  and  a  body  is  let 
fall  from  it,  which  reaches  the  ground  in  t  seconds  :  find  the  height  of  the  balloon 
at  the  moment  of  the  body  leaving  it. 

21.  A  body  id  observed  to  fall  the  last  a  feet  of  its  descent  from  rest  in  t 
seconds :  find  the  height  from  which  it  fell. 

22.  A  body  has  fallen  through  the  distance  of  half  a  mile ;  what  was  the 
dir'tnni'c  described  in  the  last  second? 

2.^.  A  body  is  projected  upwards  with  a  velocity  of  641  feet  in  a  second  ;  how 
far  will  it  ascend  before  it  begins  to  return  ? 

9» 
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24.  A  Btone  dropped  from  a  bridge  Btrikos  the  water  in  2^  seconds ;  what  it 
the  height  of  the  bridge?  Also  if  the  stone  be  projected  downwards  with  a 
velocity  of  3  feet  per  second,  in  what  time  will  it  strike  the  water  ? 

25.  A  stone  thrown  horizontally  from  the  summit  of  a  high  cliff  is  seen  to 
strike  the  ground  at  the  end  of  5  seconds ;  what  is  the  height  of  th^KjIiff  abore 
the  point  where  the  stone  falls  ? 

26.  A  body  is  projected  vertically  upwards,  and  the  time  between  its  leaving  a 
given  point  and  returning  to  it  again  is  given ;  find  the  velocity  of  projection 
and  the  whole  time  of  motion. 

27.  From  what  elevation  must  a  body  weighing  500  pounds  fall,  to  strik 
with  the  same  momentum  aa  a  body  weighing  900  pounds  falling  from  an  elevi 
tion  of  64i  feet  ? 

Descent  of  Bodies  on  Inclined  Planes.* 

28.  What  time  will  be  required  for  a  body  to  descend  an  inclined  plane  whos< 
length  is  200  feet,  and  whose  elevation  is  64^  feet 

29.  What  velocity  will  be  acquired  by  a  body  descending  a  plane  inclined  al 
an  angle  of  30°,  the  perpendicular  height  being  145^  feet? 

30.  If  a  railway  train,  with  a  speed  of  30  miles  per  hour,  arrives  at  a 
descending  grade  of  60  foot  to  the  mile,  and  has  no  force  applied  to  check  its 
speed,  what  will  be  its  velocity  after  running  3  miles  on  the  grade  ? 

31.  If  a  train,  moving  at  the  rate  of  25  miles  an  hour,  arrives  at  a  grade  of 
50  feet  per  mile,  2  miles  in  length,  and  no  more  steam  is  applied  than  before 
arriving  at  the  grade,  what  will  be  the  velocity  of  the  train  after  ascending  the 
grade? 

Central  Forces. 

32.  Find  the  force  with  which  a  body  weighing  8  lbs.  would  stretch  a  string, 
3  feet  long,  retaining  it  in  a  circle,  when  the  body  makes  3  revolutions  per 
second. 

33.  What  must  be  the  weight  of  a  body  revolving  7  times  per  second  in  a 
circle  10  feet  in  diameter,  in  orders  that  the  centrifugal  force  of  the  revolving 
body  may  be  equivalent  to  a  weight  of  1000  lbs.  ? 

34.  How  many  times  must  the  revolution  of  the  earth  be  increased  to  have 
the  weight  of  bodies  at  the  equator  diminished  one-half,  calling  the  radius  of 
the  earth  4000  miles  ? 

35.  What  must  be  the  number  of  revolutions  per  second  of  a  body  weighing 
17  lbs.,  revolving  in  a  circle  whose  radius  is  5  feet,  that  its  centrifugal  force  may 
be  the  same  as  that  of  a  body  weighing  25  lbs.,  revolving  9  times  per  second  in 
a  circle  whose  radius  is  3  feet  ? 

Pendalum  and  Gravity. 

36.  What  is  the  time  of  vibration  at  Paris  of  a  simple  pendulum  whose  length 
is  3  metres  ? 

37.  What  is  the  force  of  gravity  in  a  deep  mine  where  (he  length  of  the 
seconds  pendulum  is  found  to  be  38  inches  ? 

38.  What  is  the  time  of  vibration  of  a  simple  pendulum  30  inches  in  length, 
where  the  accelerating  force  of  gravity  is  32  feet  per  second? 

39.  What  is  the  time  of  vibration  of  a  simple  pendulum  at  Paris,  the  length 
of  the  pendulum  being  one  metre,  and  the  amplitude  of  vibration  being  a  =  9**  ? 

*  In  these  problems  the  retarding  force  of  friction  is  not  to  be  considered. 
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40.  What  ii  the  seoelMrftting  force  of  gravity  at  New  York  ?  at  Boitoii  f  at 
New  Orleau  T  at  Cape  Horn  T  at  Stookholm  ? 

41.  If  the  force  of  gnritj  at  the  earth's  rarfaeo  be  regarded  as  uni^,  whal 
will  be  the  force  of  gravity  at  a  distaaee  below  the  surface  equal  to  one*tenth 
part  of  the  earth's  radius? 

FUght  of  ProjectilM.* 

42.  What  distance  will  a  ball  be  thrown  on  a  horisontal  plane,  if  it  is  fired 
from  a  cannon  with  a  velocity  700  foot  per  second  at  an  angular  elevation  of  33®  ? 

43.  What  is  the  greatest  distance  to  which  a  ball  can  be  thrown  on  a  hori- 
sontal plane,  if  it  leaves  the  mouth  of  the  cannon  with  a  velocity  of  1000  feet 
oer  second  ? 

44.  If  a  ball  leaves  the  cannon  at  an  elevation  of  30®,  with  a  veloci^  of  800 
feet  per  second,  in  what  time  will  it  strike  the  horisontal  plane  ? 

45.  At  what  angle  of  elevation  must  a  ball  be  fired  that»  with  an  initial  velo- 
city of  000  feet  per  second,  it  may  strike  a  horisontal  plane  at  a  distance  of  two 
miles? 

4<l.  If  a  ball  discharged  from  the  month  of  a  isannon,  at  an  elevation  of  35®, 
strikes  the  horisontal  plane  at  a  distance  of  three  miles,  what  was  its  origina] 
velocity  ? 


CHAPTER  IV. 

THEORY    OF   MACHINERY. 
i  1.  Machinea. 

105.  Principle  of  virtual  velocities. — It  was  shown  in  J  46,  that 
when    a   body,    having   a    fixed  54 

point  of  supfKirt,  is  acted  on  by      ^  .-^  ^ 

two  parallel  forces  in  the  same     /      \ 

direction,  the  forces  will  be  in  ^| ...  -""Jj"'-^...  JP 

equilibrium,  if  they  are  to  each     j?*"  '''**^-....  •* 

other  inversely  as  their  distances  ** Jh 

from  the  supporting  point.     Thus  in  fig.  54,  if  an  inflexible  r<nl,  mi)- 
ported  at  C.  is  acted  on  by  two  forces,  W  and  P,  such  that 

W:P  =  CP:CW, 
then  they  ¥nll  be  in  equilibrium.     But  as  in  every  proportion  the  pro- 
duct of  the  first  and  last  terms  is  equal  to  the  product  of  the  second 
and  third ;  so  instead  of  saying  that  the  forces  are  inversely  as  their 
distoneee,  the  same  thing  is  expressed  by  W   s  G  W       P      C  P.   The 


*  Ib  thata  problems  no  account  is  supposed  to  be  taken  of  the  resistance  of 
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principle  may  be  otherwise  illastrated  thus : — Let  the  bar  W  P  be  made 
to  oscillate  gently  about  the  point  of  support  0.  It  is  plain  that  the 
spaces  described  by  the  ends  of  the  bar  will  be  proportional  to  their 
distances  from  the  axis ;  for  the  angles  at  the  axis  being  equal,  the 
arcs  af  and  h  h  are  directly  proportional  to  their  radii  C  W  and  C  P. 
Hence 

W:P  =  6A:a/; 
That  is,  two  forces  are  in  equilibrium  when  they  are  to  each  other 
inversely  as  the  spaces  which  they  describe.  The  arcs  being  described 
in  the  same  time,  represent  the  velocities,  and  the  principle  is  usually 
thus  stated :  forces  in  equilibrium  must  be  to  each  other  inversely  <u  their 
velocities.  The  products,  therefore,  of  the  forces  multiplied  bj  their 
respective  velocities,  are  equal : 

W.Xa/=PX6A. 
These  products  are  called  the  moments  of  the  forces,  and  when  these 
momenta  are  equal  the  forces  are  in  equilibrium.  If  the  movement  is 
doubled,  halved,  or  raised  in  any  proportion,  the  efficacy  of  the  force  is 
similarly  varied.  Any  arrangement  by  which  two  forces  are  brought 
into  this  relation  to  each  other,  constitutes  a  machine. 

106.  Machine,  Power,  Weight. — In  extension  of  the  statement 
last  made,  a  machine  is  any  arrangement  of  parts  in  an  apparatus,  by 
which  force  may  be  transmitted  from  one  point  to  another,  usually  with 
some  modification  of  its  intensity  or  direction,  and  with  reference  to  the 
performance  of  mechanical  work. 

The  moving  force  in  a  machine  is  called  the  power;  the  place  where 
it  is  applied  is  the  point  of  application  ;  and  the  line  in  which  this  point 
tends  to  move  is  tlie  direction  of  the  power.  The  resistance  to  be  over^ 
come  is  called  tlie  weight,  and  the  part  of  the  machine  immediately 
applied  to  the  resistance  is  the  working  point. 

The  moving  powers  and  the  resistances  in  mechanics  are  both 
extremely  various;  but  of  whatever  kind  they  may  be,  they  can 
always  be  expressed  by  equivalent  weights,  t.  e.,  such  as  being  applied 
to  the  machine  would  produce  the  same  effects. 

107.  Eqoilibrlam  of  machineB. — When  the  power  and  weight  arc 
equal,  the  machine  is  in  equilibrium,  and  it  may  be  at  rest,  or,  as  is 
usually  the  case,  in  a  state  of  uniform  motion.  If  a  machine  in  this 
case  is  put  into  uniform  motion,  it  must,  by  force  of  inertia,  continue 
to  move  indefinitely  ;  for  the  power  and  weight  being  equal,  neither  of 
these  forces  can  stop  or  modify  the  motion,  without  some  extraneous 
force,  which  is  contrary  to  the  supposition. 

Thus,  if  an  engine  draws  a  railway  tr'^in  with  uniform  velocity,  the  powra' 
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•r  th«  anglnt  if  in  •qviUbrlaB  wHh  the  ntiitanee  of  tlM  train.  At  itartiiif 
Uw  power  ia  gieatar  than  tlw  rMiftanee,  and  tha  motion  of  Iha  train  is  oonta 
qnontlj  aoealaratady  vntil  tha  rasistanea  baoomes  aqoal  to  tha  powar,  whan 
aqvillbrinm  ia  again  aitablisliecL  If  any  part  of  tha  power  is  now  withdrawn, 
the  power  baeomea  laaa  than  tha  resistanee,  and  the  motion  ia  eonaeqnently 
tatardad  nntU  the  train  ia  brought  to  raat. 

The  mechanical  energy,  or  moTing  force  of  the  power,  it  found  by 
maltiplying  its  eqoiyalent  weight  by  the  space  tbrongh  which  it  movesy 
or  ita  Telocity ;  and  the  value  of  the  resistance  is  estimated  in  the  same 
manner.  As  we  have  just  seen,  the  relation  between  these  moments 
determines  the  state  of  the  machine. 

108.  Utility  of  maohinea. — It  is  sometimes  said,  in  illustration  of 
the  usefulness  of  machines,  that  a  great  weight  may  be  supported  or 
nused  by  an  insignificant  power;  but  suoh  statements,  if  literallj 
understood,  are  obviously  untrue.  No  machine,  however  ingenious  its 
oonstruction,  can  create  any  force,  and  therefore  the  working  point  can 
exert  no  more  force  than  is  transmitted  to  it  from  the  source  of  power. 
Every  machine  ban  certain  fixed  points,  which  are  arranged  to  support 
any  required  part  of  the  weight,  while  the  remainder  of  the  weight, 
and  that  part  only,  is  directly  sustained  by  the  power.  This  remainder 
cannot  be  greater  than  the  power. 

109.  Relation  of  power  to  weight. — But  if  the  weight  is  not  only 
supported,  but  raised  through  a  given  space,  then  the  power  mu8t  move 
through  a  space  as  much  greater  than  the  weight  moves  through,  as  the 
weight  itself  is  greater  than  the  power ;  in  other  word?,  the  power  and 
weight  must  be  inversely  as  their  velocities.  This  inverse  proportion 
is  expressed  when  it  is  said,  that  power  is  always  gained  at  the  expense 
of  time. 

To  raise  1000  Iba.  to  a  height  of  one  foot  by  a  eingle  effort,  wonld  require  a 
force  equivalent  to  1000  Ibe. ;  but  the  same  thing  may  be  aecompliahed  by  a 
power  of  1  lb.  acting  for  1000  times  saccessively,  through  a  space  of  one  foot. 
If  a  man  by  exerting  his  entire  strength  coold  lift  200  lbs.  to  a  certain  height, 
in  one  minute,  no  machine  whatever  can  enable  him  to  lift  2000  lbs.  to  the  same 
height  in  the  same  time.  He  may  divide  the  weight  into  ten  parts,  and  lift  each 
part  separately ;  or  by  the  intervention  of  a  machine  he  may  raise  the  whole 
mass  together,  requiring,  however,  ten  minutes  for  the  task. 

On  the  other  hand,  it  is  often  the  olject  of  a  machine  to  move  a  small 
resistance  by  a  great  power. 

In  a  watch,  the  moving  force  of  the  mainspring  ia  very  much  greater  than 
the  resistance  of  the  hands,  revolving  about  the  dial.  In  a  locomotive  engine, 
each  full  stroke  of  the  piston  moves  the  trun  through  a  space  equal  to  the 
circumference  of  the  driving  wheel ;  if  the  length  of  stroke  is  cue  foot,  and  tbo 
circumference  of  the  wheel  12  feet,  then  the  velocity  of  the  piston  will  be  to  the 
velocity  of  the  train,  as  2  to  12 ;  consequently  the  power  acting  on  the  piston  ia 
greatAr  than  the  reeistance  of  the  train,  in  the  proportion  of  12  to  2. 


78  PHYSICS   OP   SOLIDS   AND   FLUIDS. 

110.  Adaptation  of  the  power  to  the  weight  in  machinery.- • 

The  use  of  machines  is  to  adapt  the  power  to  the  weight.  If  the  inteih 
bity,  direction,  and  velocity  of  the  power,  were  the  same  as  the  intensity 
and  direction  of  the  resistance,  and  the  velocity  required  to  be  given  to 
it,  then  the  power  might  be  directly  applied  to  the  resistance,  without 
the  intervention  of  a  machine.  But  if  a  small  power  is  required  to 
move  a  great  resistance;  or,  if  a  power  acting  in  one  direction,  is 
required  to  impart  motion  in  another ;  or,  to  impart  a  velocity  greater 
or  less  than  its  own,  then  it  is  necessary  to  employ  a  machine  which 
will  modify  the  effect  of  the  power  in  the  required  manner.  Besides 
these,  the  motion  of  the  power  may  differ  from  the  motion  required  in 
the  resistance  in  a  great  variety  of  ways. 

The  power  may  have  a  reciprocating  motion,  as  in  the  locomotive  engine,  and 
be  required  to  produce  a  continuous  motion  in  a  straight  line,  as  in  moving  a 
train  upon  a  railway.  Or,  the  power  may  have  a  rectilinear  motion,  as  a  stream^ 
and  be  employed  to  produce  the  circular  motion  of  the  stones  in  a  grist-mill,  or 
the  reciprocating  motion  of  a  saw,  in  a  saw-mill. 

In  every  class  of  machines,  the  relations  existing  between  the  power 
and  the  resistance,  depend  solely  on  the  construction  of  the  machine ; 
but  even  a  general  account  of  the  ingenious  contrivances  by  which  the 
moving  force  is  regulated,  modified,  and  adapted  to  the  varying  condi- 
tions and  requirements  of  the  resistance,  would  lead  us  far  beyond  the 
limits  and  design  of  this  work. 

111.  Vis  viva,  or  living  force,  is  the  power  of  a  moving  body  to 
overcome  resistance,  or  the  measure  of  work  which  can  be  performed 
before  the  body  is  brought  to  a  state  of  rest.  The  vis  viva  of  a 
body  is  represented  by  MV^,  or  the  mass  of  the  body  multiplied  by  the 
square  of  its  velocity. 

When  a  body  is  projected  vertically  upwards,  the  height  to  which  it 

will  ascend  is  proportional  to  the  square  of  its  velocity.   If  fT represent 

the  weight  of  the  body,  and  h  the  height  to  which  it  is  elevated  by  a 

given  impulse,  the  amount  of  work  performed  will  be  represented  by 

F» 
Whf  but  W=:^  Mg  and  h  =  5—,  substituting  these  values  of  IT  and  A» 

we  have  the  work  performed  =^\MV^,  Hence  the  work  which  can  be 
performed  by  the  accumulated  power  of  a  moving  body  is  equal  to  one- 
half  the  mass  multiplied  by  the  square  of  the  velocity. 

Take  the  case  of  a  pile-driver;  in  which  a  heavy  mass  of  iron  is  ele- 
vated to  a  height  of  30  or  40  feet,  and  is  then  suddenly  allowed  to  fall ; 
the  resistance  overcome  in  raising  the  driver  is  exactly  proportional  to 
the  elevation  to  which  it  is  raised,  and  the  accumulated  power  of  the 
stroke  inoreases  in  the  same  ratio;  hence  it  is  evident  that  the  via 
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TiTE,  or  power  of  oyercoming  resistance,  must  be  truly  represented  by 

Again,  in  the  case  of  a  railway  train  moving  with  a  velocity  V,  the  great-  ^ 
est  velocity  attainable  by  a  given  power  of  steam  ;  let  v  be  the  accelera- 
tion of  velocity  imparted  to  the  train  by  the  locomotive  during  tlic  first 
second  of  its  action,  and  ilTthe  mass  of  the  moving  train,  including  the 
locomotive.  If  the  movement  of  the  train  were  not  retarded  by  friction, 
or  some  other  opposing  force,  we  should  have  V=  vt,  or  the  velocity,  K, 
would  go  on  constantly  increasing;  but  such  we  know  is  not  the  case, 
for  the  train  soon  attains  a  maximum  velocity,  when  the  entire  force 
of  the  locomotive  is  every  instant  expended  in  overcoming  friction,  and 
the  train  moves  on  with  a  momentum  expressed  by  Jf  F,  but  its  vis  viva 
is  expressed  by  JfF*.  If  the  force  of  steam  were  suddenly  discon- 
tinued, the  power  of  the  moving  train  to  ascend  a  grade,  to  overcome 
any  obstacle,  or  to  deal  destruction  to  itself,  or  to  any  object  with 
which  it  comes  in  collision,  would  still  be  proportional  to  vis  viva  or 
MV^.  Now  suppose  the  velocity  of  the  train  to  be  doubled,  so  that 
P  =  2  V.  It  is  evident  that  in  any  given  interval  of  time  the  train 
will  pass  over  twice  as  many  points  of  resistance  as  before,  and  as  it 
passes  each  point  at  twice  the  previous  velocity,  it  will  encounter  at 
every  point  twice  as  much  resistance  to  motion  as  before.  Hence  to 
impart  to  the  train  a  double  velocity,  a  fourfold  force  is  required ;  and 
the  power  of  the  train  to  overcome  resistance  will  be  proportional  to 
its  vis  viva,  Jf  P*.  This  will  be  the  true  measure  of  the  force  which 
has  imparted  the  velocity  P,  and  which  is  now  constantly  expended 
in  overcoming  the  resistance  encountered  by  the  moving  train.  The 
same  principles  determine  the  power  expended,  or  work  actually  per- 
formed (resistance  included),  by  any  kind  of  machinery. 

It  may  be  necessary  to  explain  more  fully  the  distinction  between 
momentum  and  vis  viva,  so  that  it  may  be  readily  understood  when  the 
one  or  the  other  is  to  be  taken  as  the  measure  of  force. 

Momentum,  MV^  expresses  the  relation  of  force  to  inertia,  or  the 
amount  of  motion  in  a  moving  body.  Vis  viva,  Jf  K*,  is  the  measure 
of  twice  the  amount  of  work  which  a  moving  body  can  perform  before 
it  is  brought  to  rest.  Vis  viva  is  the  measure  of  force  required  to 
maintain  a  constant  motion,  MV,  against  the  resistance  caused  by  the 
positive  properties  of  bodies,  as  attraction,  cohesion,  repulsion.  Momen- 
tum is  the  measure  of  the  force  required,  without  regard  to  time,  to  set 
a  body  in  motion  with  a  velocity  F,  when  no  other  body  interferes  with 
its  motion,  as  in  the  case  of  a  body  falling  freely  in  a  vacuum.  In  the 
case  of  the  railway  train,  the  mass  of  the  train  multiplied  by  its  velo- 
city is  the  measure  of  weftd  work  performed  in  a  unit  of  time,  but  it 
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18  not  the  measure  of  resistaDce  overcome,  or  actual  work  performed, 
or  of  the  force  which  has  been  expended  in  performing  that  work.  Th« 
latter  is  measured  bj  one-half  the  vis  viva,  or  J  MV\ 

HloBtrations  of  via  viva.— Supposo  a  battering-ram  weighing  4000  Iba. 
to  be  impelled  with  a  velocity  of  30  feet  per  second,  its  vis  viva,  MV*=:  4000  x 
30  X  30  =  3,600,000 ;  yet  a  cannon  ball  weighing  64  lbs.,  flying  with  a  velocity 
of  1000  feet  per  second,  will  have  a  power  of  dealing  destmction  more  than 
seventeen  times  as  great,  for  its  vis  viva  equals  64,000,000.  Calculations  of  tbif 
sort  explain  the  origin  of  the  terribly  destructive  power  of  the  engines  of 
modem  warfare. 

A  railway  train  moving  50  miles  an  hour  will  possess  more  than  six  timet 
the  vis  viva  that  it  would  have  when  going  twenty  miles  an  hour ;  and,  there- 
fore, it  will  possess  more  than  six  times  the  power  of  dealing  destruction,  either 
to  itself  or  to  an  obstacle,  at  the  former  than  at  the  latter  rate  Thus  the  well 
known  relation  between  speed  and  amount  of  damage,  in  case  of  accident,  is 
readily  accounted  for,  as  also  the  enormous  comparative  cost  of  fuel,  and  wear 
and  tear  of  trains  of  high  speed. 

The  destructive  power  of  hurricanes,  which  move  from  60  to  100  miles  an 
hour,  is  readily  understood  when  we  know  that  the  power  of  dealing  destruction 
increases  in  proportion  to  the  square  of  the  velocity. 

112.  Impact  and  its  results. — When  a  body  in  motion  encounters 
another,  the  velocity  and  momentum  of  both  undergo  certain  changes, 
which  depend  on  the  elasticity  of  the  bodies,  and  other  physical  circum- 
stances. 

Impact  considered  with  reference  to  momentum. — a — ^When 
a  body  in  motion  strikes  another  at  rest,  it  can  continue  to  move 
onlj  by  pushing  this  body  before  it,  and  it  must  impart  so  much 
momentum  that,  after  impact,  both  may  move  with  a  common  velo- 
city. If  the  masses  of  the  two  bodies  are  equal,  it  is  evident  that, 
after  impact,  the  momentum  will  be  equally  divided  between  them,  and 
their  velocity  will  be  one-half  of  the  velocity  of  the  moving  body 
before  collision.  If  the  mass  at  rest  is  double  the  mass  in  motion,  the 
common  velocity  will  be  one-third ;  and  generally,  when  a  moving  body 
communicates  motion  to  a  body  at  rest,  the  velocity  of  the  two  united 
will  be  to  that  of  the  moving  body  as  the  mass  of  the  latter  is  to  the 
sum  of  the  masses  of  both. 

If  a  musket  ball,  whose  weight  is  .L  lb.,  and  its  velocity  1300  feet  a  second, 
strikes  a  suspended  cannon  bali  weighing  48  lbs.,  it  will  put  it  in  motion,  and 
their  common  yolocity  will  be  to  that  of  the  bullet  as  ^  is  to  48  +  -L,  or  as  1 
is  to  061 ;  the  velocity  of  the  two  is  therefore  yA*^,  or  about  IJ  f«et  a  second. 

b — Bodies  moving  in  the  same  direction  may  impinge,  if  their  velo- 
cities are  different.  If  an  inelastic  body  overtakes  another,  the  first 
will  accelerate  the  second,  and  the  second  will  retard  the  first,  until 
they  have  acquired  a  common  velocity,  when  they  will  move  on  togeth^i* 
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Sioee  tbe  bodies  moTe  in  the  same  direction,  there  can  be  no  increase 
or  dimiDution  of  the  total  momentum  by  impact,  but  only  a  re-distri- 
botioii.  If  they  are  equal  in  mass,  their  velocity,  after  impact,  will  b< 
half  the  mm  of  their  preWous  yelocities. 


If  fcifaw  iaqpaot*  A  had  a  Teloeity  of  t,  lad  B  a  reloeity  of  4,  then  theit 
•nuMa  velooitj  vill  he  6. 

The  tiro  bodiea  may  have  unequal  masses  as  well  as  velocities. 

If  *tha  mam  of  il  is  8,  and  its  reloeity  17,  its  momeDtam  wUl  be  136.  If  B 
has  a  mam  ef  6^  and  viloeily  of  10,  its  momentam  will  be  60.  The  111111  196 
is  tka  Mat  ■oaisiitwin  of  the  united  masaes  after  impact;  and  this  ■am 
difidsd  hf  the  sua  of  tho  aasses  gives  14,  the  oommon  reloeity. 

e — ^If  two  eqaal  bodies,  moving  with  eqoal  velocities  in  opposite 
directionB,  impinge  on  each  other,  their  moments  being  equal,  will  be 
mntually  deateoyed,  and  the  bodies  will  ranain  at  resL  The  force  of 
the  abode*  in  this  ease,  is  eqnal  to  that  which  either  woold  sustain,  if, 
while  at  leat^  ii  were  stmek  by  the  other  with  a  double  velocity.  If 
the  moments  of  the  bodies  are  nneqnal,  then,  afler  impact,  they  will 
more  together  in  the  direction  of  the  greater,  and  their  joint  momentum 
will  be  eqoal  to  the  diifferoDce  of  theur  previous  moments,  and  their 
vdoeity  will  be  foond  by  dividing  thai  difference  by  the  sum  of  the 

d — ^These  laws  may  be  shown  experimentally  by  suspending  two  balls 
at  the  centre  of  a  graduated  arc,  and  producing  impact  according  to 
the  conditions  described. 

If  two  bodies  moving  in  different  lines  impinge  on  each  other,  then, 
after  contact^  they  will  move  together  in  the  diagonal  of  that  parallelo- 
gram whose  sides  represent  their  previous  moments  and  directions. 

From  these  principles  it  follows  that,  if  two  inelastic  bodies,  M  and  N,  moying 
in  the  same  direction,  with  velocities  V  and  V,  come  in  contact,  their  common 

MV^-NV* 
reloeity  sfler  impact  will  be  expressed  by  the  formula  F'  =      ^  . 

When  the  bodies  move  in  opposite  directions,  the  velocity  of  the  body  having 
the  greater  momentum  is  to  be  taken  as  positive,  and  the  other  negative ;  the 
rssaltant  velocity  will  be  in  the  direction  of  the  body  which  previously  had  the 
greater  momentum. 

Impact  oonaidered  with  reference  tc  via  viva. — ^When  a  body 
in  motion  strikes  another  body  at  rest,  which  is  free  to  move,  the  two 

MV 
bodies  have  a  common  velocity,  V^^  =  jfTTJi'    ^^®  ^^*  ''^^^  *^^^  "°* 

pact  wiU  be  expressed  by  (If  +  N)  W'^  =  ^qry'    Suppose  the 

body  jY  to  be  a  certain  number  of  times,  (represented  by  a,) 
ID 
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greater  than  the  first  body  M,  then  N^=  aH,    The  yis  viya  of  the  Jbm- 

bined  mass  after  impact  will  then  become  .-  .   --=  ,.,,   . — ?  =  ;— ; — . 
^  M-\-N     Jlf(l-fa)      !-!-• 

Hence : — 

When  a  moving  body  strikes  a  body  at  rest,  and  the  two  move  on  together^ 

the  vis  viva  of  the  combined  mass  is  as  many  times  less  than  the  vis  viva 

of  the  first  body  before  impact  as  the  combined  mass  is  greater  than  ike 

first. 

This  principle  sfaowi  how  a  man  may  reoeiye  the  most  yiolent  strokes  of  a 
sledge-hammer,  upon  an  anvil  laid  upon  his  ohesty  without  the  slightest  i^jiuy, 
when,  if  only  a  light  board  were  interposed  between  his  person  and  the  descend- 
ing  hammer,  the  stroke  would  be  instantly  fatal  to  life.  The  interposition  of 
any  heavy  body  wards  off  the  force  of  a  blow  on  the  same  principles. 

Presanre  produced  by  impact. — Beaufoj  determined  that  a  body 
of  1  lb.  weight,  with  a  velocity  uf  1  foot  in  a  second,  strikes  with  a  pres- 
sure equal  to  0*5003  lb.  To  find  the  pressure  produced  by  the  impact 
of  any  projectile,  we  have  the  general  formula, 
Pressure  =  0-5003  MV*, 
If  the  body  descends  yertically,  the  weight  of  the  body  itself  must  of 
course  be  added  to  the  direct  effects  of  impact. 

Destructive  effects  of  impact. — The  motion  communicated  to  Tory 
large  or  immoyable  bodies,  by  an  impact  of  small  ones,  is  not  lost, 
but  becomes  insensible  from  its  enormous  diffusion.  Motion  can  be 
destroyed  only  by  motion ;  friction  and  resistance  disperse,  but  do  not 
destroy  it.  An  impact  can  act  directly  upon  only  a  few  of  the  mole- 
cules of  the  body  to  which  it  imparts  motion. 

The  power  which  projects  a  bullet  acts  on  only  one-half  its  surface. 

The  motion  must,  therefore,  be  diffused  from  the  parts  struck  to  all 
the  other  parts  of  the  body,  before  it  can  begin  to  moye ;  and  this  dif- 
fusion requires  time^  which  may  be  short  indeed,  but  is  not  infinitely 
so.  It  happens,  therefore,  that  a  moyable  body,  if  struck  by  another 
moying  with  great  yelocity,  may  be  penetrated  or  broken  at  the  point 
of  impact,  without  being  itself  put  in  motion.  The  part  of  the  body 
which  receiyes  the  blow  is  set  in  motion  with  such  yelocity  that  its  par- 
ticles are  rent  asunder  before  motion  can  be  communicated  to  the  mass 
of  the  body.  Such  effects  appear  incredible  to  persons  unacquunted 
with  the  inertia  of  matter  and  its  consequences. 

A  rifle  ball  may  be  fired  through  a  pane  of  glass  suspended  by  a  thread, 
without  shattering  the  glass,  or  even  causing  it  to  vibrate.  A  door  half  open 
may  be  perforated  by  a  cannon  ball  without  being  shut  by  it  A  soft  missile, 
like  tallow,  or  a  light  one,  like  a  feather,  will  act  with  the  force  of  lead,  if  sulB- 
oient  yelocity  is  givev-io  it.    Firing  a  tallow  candle  through  a  board  is  a  well> 
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It  of  ■homMB.  Ib  Heockei  firing,  a  eaonon  ball,  shot  at  an  eleyation 
tftom  S^  to  6^,  nlNnnidf  from  the  iwiaoe  of  water,  jnst  ae  every  boy  haa 
■ate  iai  itwiM  akip  from  point  to  jtoint  on  ita  svrfaoe. 

I S.  Xeobanioal  Powen. 

lis.  The  lever. — ^A  lever  ia  any  inflexible  rod,  fig.  55,  resting  on  a 
point,  F,  called  iheJuUrum,  and  around  which  any  two  forces  tend  to 
torn  it.  Leren  may  be  either  straight,  or  bent ;  simple,  or  compoond. 
It  is  nsoal  to  diride  lerers  into  three  classes,  according  to  the  position 
of  the  fblemm  in  relation  to  the  power  and  weight. 


55 


56 


1% 


V 


^ 
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Fig.  55  is  a  le^er  of  the  Jirst  class,  where  the  fulcrum  is  between  the 
power  and  the  weight.    In  the  second  class,  fig.  56,  the  weight  is  be- 
tween the  fulcrum  and  the  power.    In  57 
the  third  doss,  fig.  57,  the  power  is 
applied  between  the  fulcrum  and  the 
weight. 

The  arms  of  a  lever  are  the  lines  on 
each  side  of  the  fulcrum,  at  right  angles 
to  the  direction  of  the  power  and  weight. 
In  the  three  figures  just  giren,  the  lerers  being  horizontal  and  the 
fixroes  vertical,  the  arms  of  the  lever  58 

are  evidently,  in  each  case,  the  por-  JB 

dons  into  which  it  is  divided.     If,  ^,^^''  \ 

however,  the  lever  is  bent  or  is  in- 
clined to  the  direction  of  either,  or 
both,  of  the  forces,  then  the  arms  are 
the  perpendiculars  between  the  ful- 
crum and  directions  of  the  forces. 
Thus  in  fig.  58  the  power  acting  in 
the  direction  B  P,  the  moment  of  the  power  is  not  expressed  by 
PX  A  F,  but  by  P  X  B  F.  The  distance  from  the  fulcrum  is  called 
tkeUverage, 


I 


\ 
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114.  Conditions  of  equilibrium  in  the  lever.— These  conditiont 
are :  Ist,  The  lines  of  direction  of*  the  two  forces  must  be  in  the  same 
plane  with  the  fulcrum ;  2d,  The  two  forces  must  tend  to  tarn  the  lever 
in  opposite  directions ;  3d,  Whatever  may  be  the  class  of  the  lever  the 
weight  and  power  will  be  in  equilibrium  when  they  are  inversely  as 
their  distances  from  the  fulcrum.  Thus  in  either  of  the  three  figures 
above 

P:W  =  FW:FP    or    PXFP  =  WXFW. 

Consequently  the  moment  of  the  power,  or  its  tendency  to  turn  the 
lever  will  be  augmented,  either  by  increasing  the  power  itself  or  its 
distance  from  the  fulcrum. 

The  pressure  on  the  fulcrum,  when  the  power  and  weight  are  in 
equilibrium,  is  found  by  applying  the  principle  of  the  composition  of 
forces  (46).  In  a  lever  of  the  first  class,  the  resultant  of  the  power 
and  weight  is  a  single  force,  equal  to  their  sum,  and  passing  through 
the  fulcrum  ;  consequently,  the  pressure  will  be  equal  to  the  sum  of  the 
power  and  weight.  In  a  lever  of  the  second  or  third  class  the  resultant 
is  equal  to  the  difierence  of  the  power  and  the  weight. 

Compound  levem. — When  a  small  force  is  required  to  sustain  a 
considerable  weight,  and  it  is  not  convenient  to  use  a  very  long  lever,  a 
combination  of  levers,  or  a  compound  lever  is  employed.  When  such 
a  system  is  in  equilibrium,  the  power,  multiplied  by  the  continued  pro- 
duct of  the  alternate  arms  of  the  levers,  commencing  from  the  power^ 
is  equal  to  the  weight  multiplied  by  the  continued  product  of  the  alter- 
nate arms,  commencing  from  the  weight.  For  example,  the  system 
represented  in  fig.  59,  consisting  of  three  levers  of  the  first  class,  will  be 


m  equilibrium  when 

P  X  A  F  X  B  F^  X  C  F^^  =  W  X  D  F^^  X  C  F^  X  B  F, 

If  the  long  arms  are  6,  4,  and  5  feet,  and  each  of  the  short  arms  1  foot, 
then  1  lb.  at  A  will  sustain  120  lbs.  at  D ;  but  if  a  simple  lever  had 
been  used,  the  long  arm  being  increased  simply  by  adding  these  quanti* 
ties,  we  should  have  gained  a  power  of  only  6-|-4-|-5  =  15tol. 

115.  Application  of  the  lever. — Machines  and  utensils  in  daily 
use  offer  us  familiar  examples  of  the  three  classes  of  levers. 
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Of  ihejirst  dasa  we  name  the  crowbar  and  poker,  when  used  to  raise 
the  load  on  their  points.    Scis-  60 

•ore,  snaffers,  and  pincers  are 
pairs  of  levers  of  this  class, 
the  point  C,  fig.  60,  which  con- 
nects them  being  the  fulcrum. 
The  power  is  applied  at  the 
handles,  and  the  resistance  is  the  object  between  the  blades. 

Another  example  of  (he  bent  lerer  is  seen  in  the  ordinary  track,  fig.  61,  used 
for  moving  heary  goods  a  short  distance.  In  this  machine,  the  axis  of  the 
wheels,  F,  is  the  ftUoram,  against  which  the  foot  is  placed,  while  the  weight  at  R 
is  raised  off  the  ground  by  the  hand,  applied  at  P. 

61 


The  scale  beam,  or  balance,  is  one  of  the  most  useful  applicationH  of 
the  first  class  of  levers.  The  beam  is  a  lever  poised  at  its  centre  on  a 
knife-edge  of  steel,  a,  fig.  62.  From  its  ends  A  B  are  suspended  the 
scale  pans  C  E.  The  centre  of  gravity,  m,  is  placed  below  the  fulcrum, 
a,  to  secure  a  horizontal  position  of  the  beam  when  in  equilibrium.  If 
it  coincided  with  the  fulcrum  the  balance  would  rest  equally  well  in  all 
positions,  and  if  it  were  above  the  fulcrum  the  beam  would  be  upset  by 
a  slight  disturbance. 

The  steelyard  is  a  lever  of  the 
first  class,  with  unequal  arms.  The 
mass,  Q,  to  be  weighed,  is  attached 
to  the  short  arm.  A,  fig.  63,  and  it 
is  counterpoised  by  a  constant 
weight,  G,  shifted  upon  the  longer 
arm,  marked  with  notches  to  indi- 
cate pounds  and  ounces,  until  equi- 
librium is  obtained.  It  is  evident 
that  a  pound  weight  at  G  will 
balance  as  many  pounds  at  Q  as  the  distance  G  C  is  greater  than  A  C. 
10» 
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Levers  of  the  second  class  occur  less  frequently.    A  pair  of  nut- 
crackers, with  the  fulcrum  at  the  64 
joint  G,  fig.  64,  is  a  double  lever 
of  this  class.    An  oar  is  another 
example;   the  water  is  the  ful- 
crum, the  boat  is  the  weight,  and 
the  hand  the  power.    A  door  moving  on  its  hinges,  and  a  wheelbarrow, 
are  other  examples  of  levers  of  the  second  class. 

In  levers  of  the  third  class,  the  power  being  nearer  the  fulcrum,  is 
always  greater  than  the  weight.  On  account 
of  this  mechanical  disadvantage,  it  is  used 
only  when  considerable  velocity  is  required, 
or  the  resistance  is  small.  Fig.  65  represents 
such  a  lever,  W  F,  moving  on  a  hinge  as  a  ful- 
crum ;  it  is  plain  that  the  power  P  moves 
through  a  small  arc,  and  the  weight  through  a 
large  one,  and  since  they  are  described  in  the 
same  time,  the  velocity  of  the  power  is  less 
than  that  of  the  weight. 

The  commoD  fire-tongs,  sngar-tongs,  and  sheep-shears,  are  double  levers  of 
this  class.  The  most  striking  illustrations  of  this  class  of  levers  are  seen  in  the 
animal  kingdom.  The  compact  form  and  beautiful  symmetry  of  animals  depend 
on  the  fact  that  their  limbs  are  55 

such  levers.  The  socket  of  the 
bone,  a,  fig.  66,  is  the  fulcrum ; 
a  strong  muscle,  b  c,  attached 
near  the  socket  is  the  power, 
and  the  weight  of  the  limb  and 
whatever  resistance  to  may  op- 
pose to  motion,  is  the  weight. 
The  fore-arm  and  hand  are 
raised  through  a  space  of  one 
foot,  by  the  contraction  of  a 
muscle  applied  near  the  elbow, 
moving  through  less  than  1  that  space.  The  muscle,  therefore,  exert«  12  timea 
the  force  with  which  the  hand  moves.  The  muscular  system  is  the  exact  in- 
version of  the  system  of  rigging  a  ship.  The  yards  are  moved  through  small 
spaces  with  great  force,  by  hauling  in  a  great  length  of  rope  with  small  force ; 
but  the  limbs  are  moved  through  great  spaces  with  comparatively  little  force, 
by  the  contraction  of  muscles  through  small  spaces  with  very  great  force. 

Examples  of  oomponnd  levers  are  familiar  in  the  various  platform 
scales,  such  as  Fairbanks'  and  others.  However  various  in  form,  they 
all  depend  upon  the  principles  already  explained. 

The  principle  of  the  construction  of  the  totighi  \g  tnaehine  is  illustrated  in 
fig.  67.    It  consists  of  a  wooden  platform,  placed  over  a  pit  made  in  a  looa- 
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tiAD  eonrenient  for  dririDg  heary  loada  upon  it,  sod  is  so  srmnged  as  to  mora 
fr««lj  ap  and  down  without  touching  the  walls  of  the  pit.  The  platform  restf 
npf>n  four  Icrers,  A  F,  B  F,  C  F,  and  D  F,  all  conyerging  toward  the  centre  F, 
and  each  moving  on  a  fulcrum  at  A,  B,  C,  D,  securely  fixed  in  each  comer  of 
the  pit.  The  platform  rests 
en  its  feet,  a'  e'  d',  which 
rmt  on  steel  points,  abed. 
The  four  lerers  are  sup- 
ported at  the  point  F,  un- 
der the  centre  of  the  plat- 
form, bj  a  long  lerer,  O  B, 
resting  on  a  steel  fulemm 
«t  E.  while  its  longer  arm 
at  G  is  connected  with 

rod,  which  is  carried  ap       I  ~LX.  "•  ^JW^C 

and  attached  to  the  shotter 
arm  of  the  steelyard,  and 
is  counterpoised  by  the 
weight  P,  which,  by  its 
po.iition  on  the  longer  arm, 
imlifatos  at  once  the  weight 
.of  the  load  placed  upon 
the  platform. 

Ai*  tho  four  lorcrs  A,  B,  C,  D,  are  perfectly  equal  and  similar,  and  all  act 
upon  the  same  fulcrum  F,  the  effect  of  the  weight  placed  upon  any  part  of  the 
platform  ii*  the  same  as  if  it  were  concentrated  at  cither  of  the  points  a,  b,  e,  d. 

In  order  therefore  to  ascertain  the  conditions  of  equilibrium,  we  need  only 
consider  one  of  these  levers,  as  A  F.  Suppose  the  distance  from  A  to  F  to  be 
10  times  as  great  as  from  A  to  a,  a  force  of  1  lb.  at  F  would  balance  10  lbs.  at  a, 
or  on  any  part  of  the  platform.  So,  also,  if  tho  distance  from  E  to  G  be  10 
time«  greater  than  the  distance  from  the  fulcrum  £  to  F,  a  force  of  >  lb.,  ap- 
plied so  as  to  raiae  up  the  end  of  the  lever  G,  would  counterpoise  a  weight  of 
10  lbs.  on  F.  therefore,  1  lb.  tending  to  raise  G,  would  balance  100  lbs.  on  the 
platform.  If  the  poise,  P,  is  placed  5  times  as  far  from  the  fulcrum  of  the  steel- 
yard as  the  attachment  of  the  rod  connected  with  G,  then  2  lbs.  at  P  will  balance 
10  lbs.  at  G,  or  100  lbs.  at  F,  or  1000  lbs.  on  the  platform.  If  the  weight  of  P 
and  tho  graduation  of  the  steelyard  are  arranged  on  these  principles,-  the  weight 
of  the  heaviest  loads  on  the  platform  may  be  determined  with  great  facility. 

Weigh-Iocks  on  canals,  and  many  other  applications  of  the  compound  lever, 
are  arranged  on  the  same  principles. 

Robenrars  oonnter  platform  balance. — The  exterior  appearance 
of  this  balance  is  shown  in  fig.  68,  and  its  interior  arrangement  in 
fig.  69.  The  equilibrium  of  this  system  of  levers  is,  like  that  of  fig.  67, 
independent  of  the  position  of  the  load  on  the  pans,  and  the  mechanism 
h  .such  that  the  pans  move  on  a  vertical  stem  with  no  deflection  from  a 
horizontal  plane. 

Each  pan  is  supported  by  a  system  of  three  levers,  A  B,  G  D,  E  F,  fig.  69. 
The  lever  D  C,  which  supports  the  pan  P,  rises  and  falls  equally  at  both  ends 
witb  the  motions  of  the  beam  A  B,  G  being  attached  to  the  end  of  the  beam  B, 
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and  D  being  attached  at  E  to  the  lerer  E  F ;  B  H  being  eqaal  to  O  B,  while  f 
is  securely  attached  to  the  base,  E  and  B  rise  and  fall  equally,  and  D  C  is  alwayi 

68 


69 


honzontal  in  every  position  of  the  beam  A  B.  Since  the  lever  D  C  preserves  it? 
horizontal  position,  the  stem  a  supporting  the  pan  P,  moves  vertically,  what- 
ever may  be  the  position  of  the  load  on  the  pan.  The  indices  n  m  are  in  the 
same  horizontal  line  when  the  pans  are  in  equilibnnm.  This  system  is  named 
from  the  inventor,  Mr.  Roberval  of  Paris,  and  dates  from  about  a.  d.  1660. 

116.  The  wheel  and  azle. — The  common  lever  is  chiefly  employed 
to  raise  weights  through  small  70 

spaces,  by  a  succession  of  short 
intermitting  efforts.  After  the 
weight  has  been  raised  it  must 
be  supported  in  its  n«w  posi- 
tion, until  the  lever  can  be 
again  adjusted,  to  repeat  the 
action.  The  wbeel  and  axle  is 
a  modification  of  the  lever, 
which  corrects  this  defect ;  and, 
since  it  converts  the  intermit- 
ting action  of  the  lever  into  a 
continuous  motion,  it  is  sometimes  called  the  perpetual  lever. 

This  machine  consists  of  a  cylinder  called  the  axle,  turning  on  a 
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eratn,  and  eomiaeted  with  a  wheel  of  much  greater  diameter.    The 

power  is  applied  to  the  oiroomferenoe  of  the  wheel,  and  the  weight  is 

attached  to  a  rope,  wound  around  the  aide  in  a  contrary  direction. 

Instead  of  the  whole  wheel,  the  power  may  be  applied  to  a  handle 

named  a  winefa,  or  to  one  or  more  spokes  in-  71 

sorted  in  the  aile.  When  the  axle  is  horisontal 

the  machine  is  called  a  windlass,  fig.  70,  when 

it  is  Tertieal  it  fmna  the  capstan,  fig.  71,  used  , 

on  shipboard,  ehiefly  to  raise  the  anchor.    The 

head  of  tha  eapetan  is  pierced  with  holes,  in 

eedi  of  which  a  lever  can  be  placed,  so  that 

many  bud  can  work  at  the  same  time,  exerting 

a  great  foroe,  as  is  often  necessary  in  raising  an 

anchor,  while  the  reo<^  of  the  weight  is  arrested  by  a  catch  at  the 

bottom. 

The  law  of  equilibrium  is  the  same  as 
in  the  lever.  Draw  from  the  centre,  or 
falcrum  c,  fig.  72,  the  straight  lines  e  b 
and  c  a,  or  c  a^,  to  the  points  on  which 
the  weight  and  power  act ;  a  c  6,  or  ir^  c  6, 
w  evidently  a  lever  of  the  first  class,  in 
which  the  short  arm  e  6  is  the  radios  of 
the  axle,  and  e  a  or  c  a^  the  long  arm,  ji 
is  the  radius  of  the  wheel.    Hence, 


Or, 


PXac=  WXcb. 
P:  W=cb:  ac. 


That  is  to  say,  the  wheel  and  axle  are  in  equilibrium,  when  the 
power  is  to  the  weight  as  the  radius  of  the  axle  is  to  the  radius  of  the 
wheel. 

In  one  revolution  of  the  machine,  the  power  moves  through  a  space 
equal  to  the  circumference  of  the  wheel,  and  the  weight  moves  through 
a  space  equal  to  the  circumference  of  the  axle ;  hence  tho  power  and 
weight  are  inversely  as  their  velocities,  or  the  spaces  they  describe. 

117.  Tiaina  of  wheel-work. — The  eflSciency  of  this  machine  is 
augmented  by  diminishing  the  thickness  of  the  axle,  or  by  increasing 
the  diameter  of  the  wheel.  But  if  a  very  great  pover  is  required, 
either  the  axle  would  become  too  small  to  sustain  the  weight,  or  the 
wheel  must  be  made  incooveniently  large.  In  this  case  a  combination 
of  wheels  and  axles  may  be  employed.  Such  a  system  corresponds  to 
the  compound  lever,  and  has  the  same  iaw  of  equilibrium.    The  pow%T 
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118.  The  pulley. — Fixed  palley. — The  usual  form  of  this  machine 
IB  a  small  wheel,  turning  on  its  axis,  and  haying  74 

a  groove  on  its  edge,  to  admit  a  flexible  rope  or  v  _  ? 

chain.  In  the  simple  fixed  pulley,  fig.  74,  there 
is  no  mechanical  advantage,  except  that  which 
may  arise  from  changing  the  direction  of  the 
power.  Whatever  force  is  exerted  at  P,  is  trans- 
mitted, without  increase  or  diminution  (except 
from  friction  and  the  rigidity  of  the  rope),  to  the 
resistance  at  the  other  end  of  the  cord.  From  the 
axis  C,  draw  G  a  and  G  6,  radii  of  the  wheel,  at 
right  angles  to  the  direction  of  the  forces ;  aCb 
represents  a  lever  of  the  first  class,  with  equal 
arms;  hence,  in  equilibrium,  the  power  and 
weight  must  be  equal,  and  they  describe  equal  spaces. 

119.  Movable  pulley. — When  the  block  or  frame  is  not  fixed,  the 
pulley  is  said  to  be  movable.  The  weight  is 
suspended  from  the  axis  of  the  movable  pul- 
ley, and  the  cord  is  fastened  at  one  end,  and 
passing  over  a  fixed  pulley,  is  acted  on  by  the 
power  at  the  other.  In  this  arrangement, 
fig.  75,  it  is  plain  that  the  weight  is  supported 
equally  by  the  power  and  the  beam  at  D.  For 
the  pulley  acts  as  a  lever  of  the  second  class, 
whose  arms  are  to  each  other  as  1:2;  the 
fulcrum  is  at  6,  be  is  the  leverage  of  the 
weight,  and  6  a  the  leverage  of  the  power. 
The  diameter  6  a  is  twice  the  radius  b  c,  there- 
fore equilibrium  will  obtain  when  the  power 
is  equal  to  one-half  of  the  weight :  i.  «., 

P:  W=bciba=:l:2, 
therefore, 

2  • 

To  raise  the  weight  one  foot,  each  side  of  the  cord  must  be  shortened 
one  foot,  and  the  power,  consequently,  passes  over  two  feet.  The 
space  traversed  by  the  power  is  twice  the  space  described  by  the 
weight. 

120.  Compound  puUeya.^-Sometimes  compound  pulleys  are  used, 
each  consisting  of  a  block  which  contains  two  or  more  single  pulleys, 
generally  placed  side  by  side,  in  separate  mortices  of  the  block.  Such 
an  arrangement  is  shown  in  fig.  76.    The  weight  is  attached  to  the 
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movable  block,  and  the  fixed  one  only  serves  to  give  the  power  the 

required  direction.     It  is  easily  seen  that  the  power 

required  at  Pis  just  the  same  as  would  be  required  at 

any  point  between  A  and  B.    The  weight  is  divided 

equally  among  the  pulleys  of  the  movable  block,  and, 

of  course,  among  the  cords  passing  around  them  ;  and 

as  the  power  required  to  sustain  a  given  weight  is 

diminished  one-half  by  a  single  movable  pulley,  it 

follows  that  such  a  system  will  be  in  equilibrium 

when  the  power  is  equal  to  the  weight  divided  by  the 

number  of  cords,  or  by  twice  the  number  of  movable 

pulleys. 


P:  fr=l:2n. 


P=-^ 


In  this  system,  as  in  the  single  movable  pulley,  the 
space  through  which  the  weight  is  raised,  is  as  much 
less  than  the  space  through  which  the  power  descends, 
as  the  weight  is  greater  than  the  power. 

P  I  W=  yelooity  of  weight :  velocity  of  power. 
If  the  power  is  moved  through  6  feet,  fig.  76,  each  division  of  the  cord 
in  which  the  movable  block  hangs  will  be  shortened  one  foot,  and  the 
weight  raised  one  foot. 

Another  system  of  pulleys  is  represented  in  77 

fig.  77.  In  this  arrangement  each  pulley  hangs  t 
by  a  separate  cord,  one  end  of  which  is  attached 
to  a  fixed  support,  and  the  other  to  the  adjacent 
pulley.  The  effect  of  the  power  is  rapidly  aug- 
mented, being  doubled  by  each  movable  pulley 
added  to  the  system.  The  numbers  placed  near 
the  cords  show  what  part  of  the  weight  is  sus- 
tained by  each,  and  by  each  pulley.  Such  a 
system,  however,  is  of  little  practical  use,  on 
account  of  its  limited  range.  In  the  common 
block  system,  fig.  76  (in  practice  the  pulleys  or 
sheaves  of  each  block  are  placed  side  by  side, 
to  save  room,  here  they  are  separated  for  sake 
of  clearness),  the  motion  may  continue  until 
the  movable  block  touches  the  fixed  one ;  but 
in  this  only  till  D  and  £  come  together,  at 
which  time  A  will  have  been  raised  only  |  of  that  distanoe. 
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121.  The  inclined  plane. — This  mechanical  power  is  commouly 
used,  whenever  heavy  loads,  especially  such  as  may  be  rolled,  are  to 
be  raised  a  moderate  height.  In  this  way  casks  are  moved  in  and  out 
of  cellars,  and  loaded  upon  carts.  The  common  dray  is  itself  an  inclined 
plane  (as  is  clearly  seen  by  inspecting  fig.  78).    Suppose  a  cask  weigh- 

78 


in;i  j(N')  lbs.  iH  to  be  raised  4  feet  by  means  of  a  plank  12  feet  long ;  it 
is  |.lain.  that  while  the  cask  ascends  only  four  feet,  the  power  must 
exert  itself  through  12  feet,  and  hence,  12  :  4  =  500  :  166},  the  force 
necessary  to  roll  the  cask. 

In  mechanicsS  the  inclined  plane  is  a  hard,  smooth  surface,  inclined 
obliquely  to  the  resistance.  The  length  of  the  plane  is  R  S,  fig.  79. 
S  T  its  height,  and  R  T  its  base.     The  power  may  be  applied, 

a — In  a  direction  parallel  to  the  length  : 

b — Or  parallel  to  the  base  ; 

c — Or  in  any  other  direction. 

In  each  case  the  conditions  of  eciuilibrium  may  be  derived  from  those 
of  the  lever. 

122.  Application  of  the  power  parallel  to  the  length  of  the 
inclined  plane. — When  a  body  is  placed  upon  an  inclined  plane,  fig 
79,  its  weight,  which  is  the 
resistance'  to  be  overr.mie, 
acts  iu  the  direction  of  the 
furoo  of  gravity,  namely  in 
the  j»erj>endicular  6  a.  Let 
the  power.  P,  act,  by  means 
of  the  cord,  in  the  direction 
a  c,  parallel  to  the  inclined 
plane  R  S,  then  from  the 
[>oint  a  draw  a  d  at  right 
angles  with  the  inclined 
I  •lane,  and  complete  the 
parallolo^rrnni  nrbil.  The  force  of  gravity  will  be  resolved  int>  twc 
11 
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other  forces ;  one  represented  by  6  c  causing  pressure  on  the  inclined 
plane ;  the  other,  represented  by  c  a,  tending  to  cause  motion  down  th« 
inclined  plane.  This  latter  force  is  to  be  balanoed  by  the  power  ap 
plied  to  move  the  body.    The  body  will  therefore  be  sustained  jrhen, 

P:  W=ae:ab; 

and  since  the  triangles  abc  and  R S T  are  similar, 

P:  ]r=ST:RS; 

Or 

_,       _      ST 

This  may  be  illustrated  by  an  apparatus  constructed  like  that  shown 
in  the  figure. 

If  the  direction  of  the  power  is  parallel  to  the  inclined  plane,  equili- 
brium will  obtain,  when  the  power  is  to  the  weight  as  the  height  of 
the  plane  is  to  its  length.  While  the  weight  is  raised  through  a  space 
equal  to  the  vertical  height  of  the  plane,  the  power  must  move  through 
a  space  equal  to  its  length.  If  the  length  of  a  plane  is  10  feet,  and  its 
height  2  feet,  P  must  move  10  feet,  while  W  is  raised  2  feet ;  hence  the 
power  and  weight  are  inversely  as  their  velocities. 

123.  Application  of  the  power  parallel  to  the  base  of  the 
inclined  plane. — In  the  second  case, 
let  the  power  act  in  the  direction  of  a  P, 
fig.  80,  parallel  to  B  0,  the  base  of  the 
plane ;  and  draw,  the  lines  b  a  and  b  e 
perpendicular  to  the  direction  of  the 
power  and  weight:  then  a  b  e  is  a 
bent  lever,  having  its  fulcrum  at  b,  and 
equilibrium  vnll  take  place  when 

P:  W=bc:  ab; 
and,  the  triangles  abc  and  ABC  being  similar, 

P:  ir=AB:BC; 
Or 

P=WX  — 

If  the  direction  of  the  power  is  parallel  to  the  base  of  the  plane^ 
equilibrium  will  obtain  when  the  power  is  to  the  weight  as  the  height 
of  the  plane  is  to  its  base. 

In  this  case  the  space  described  by  the  power  is  to  the  space  described 
by  the  weight  as  the  base  of  the  plane  is  to  its  height 
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124.  Applioatioii  of  the  power  in  some  dixeetion  not  paraTIH 
to  anj  side  of  the  plane. — Lastlj,  let  the  power  ftrt  in  »jme  direc- 
tion not  parallel  to  any  side  of  the  plane ;  for  ezaitf{4e :  in  tike  di7*k:{S.ci 
•  P,  fig.  81,  draw  the  lines  be  and  ba  perpendicular  to  the  dire:djiia 
of  the  two  fbroee ;  then,  as  before, 

P:  W=bc:ab, 

But  as  the  triangles  abe  and  ABC  are  not  nmilar,  the  prc'porticA 
between  the  arms  of  the  lever  cannot  SI 

be  expressed  by  the  sides  of  the  plane. 

It  follows  from  what  has  been  said,  that 
the  effect  of  a  giren  power  is  i^reater,  as  the 
height  of  the  plane  is  diminished  or  its 
length  increased;  and  that  the  effect  is 
greatest  when  its  direction  is  parallel  to 
the  length  of  the  plane,  for,  if  the  power 
acts  in  any  other  direction,  a  part  of  iu 
force  19  expended,  either  in  increasing  the 
pressure  of  the  body  on  the  plane,  or  iu  I'fting  the 

125.  The  wedge. — Instead  of  lifting  a  load  by  moving  it  along  an 
inclined  plane,  the  same  result  may  be  obtained  by 
moving  tho  plane  uuder  the  load.  When  used  in  this 
manner,  the  inclined  plane  is  called  a  wedge.  It  is 
customary,  however,  to  join  two  planes  base  to  base. 
In  fig.  82,  A  B  is  called  the  back  of  the  wedge,  A  C 
and  B  C  its  sides,  and  dC  its  length.  The  power  is 
applied  to  the  back  of  the  wedge,  so  as  to  drive  it 
between  two  bodies,  and  overcome  their  resistance. 

The  repiatance  may  act  at  right  angles  to  the  length  or  to 
the  sides  of  the  wedge.  In  the  first  case  it  resembles  an  incline !  plaiif,  wht:i 
the  power  is  parallel  to  the  ba«e ;  and  hence  the  forces  will  be  in  cJiuilibriurn 
when  the  power  is  to  the  resistance  as  the  back  of  the  wedge  i$  to  its  I'^u^'tli. 
In  the  seoond  case  it  is  similar  to  a  plane  when  the  power  is  parallel  to  tbc 
length ;  and  therefore  in  equilibrium  when  the  power  is  to  the  resistance  as 
the  back  of  the  wedge  to  its  side. 

The  power  is  supposed  to  more  through  a  space  equal  to  the  length  of  the 
we'ige,  while  the  resistance  yields  to  the  extent  of  its  breadth. 

126.  Application  of  the  wedge. — As  a  mechanical  power,  the  wedgo 
If  used  only  where  great  force  is  to  bo  exerted  in  a  limited  space.  In  oil-mills, 
the  -eods  from  which  vegetable  oils  are  obtained  are  sometimes  compressed 
with  enormous  force  by  means  of  a  wedge.  It  is  everywhere  employed  to  split 
masses  of  stone  and  timber.  Tbo  edges  of  all  cutting  tools,  as  saws,  knives, 
chisels,  razors,  shears,  Ac,  and  the  points  of  piercing  instruments,  as  awls,  nails, 
pins,  needles,  Ac,  arc  modified  wedges.  Chisels  intended  to  cut  wood,  bavo 
their  edge  at  an  angle  of  about  30°  ;  for  cutting  brass,  from  50°  to  60°  j  and  for 
Iron,  abont  80®  to  90°.    The  softer  or  more  yielding  the  substance  to  be  divided 
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the  more  acute  the  wedge  way  be  I'onstructed.  In  general,  tools  which  are 
urged  by  pressure,  admit  of  boiug  sharper  than  those  which  are  driven  by  a 
blow. 

The  theory  of  the  wedge  gives  but  very  tittle  aid  in  estimating  its  effects,  as 
it  takes  no  account  of  friction,  which  so  largely  modifies  the  results,  and  the 
proportion  between  pressure  and  a  blow  cannot  be  defined. 

127.  The  screw. — This  machine  has  the  same  relation  to  the  ordi- 
nal^ inclined  plane  that  a  spiral  staircase  has  tu  a  straight  one.  This 
relation  is  shown  in  fig.  83,  the  dotted  line  K  L  83 

marking  the  continuation  of  the  spiral.  The 
position  of  the  diflferent  parts  of  an  inclined 
plane  upon  a  screw  is  shown  in  fig.  84.  abed  e/g, 
is  the  spiral  course  of  the  inclined  plane  upon  the  , 
screw,  and  a  </  e^  g^  are  points  in  the  straight 
inclined  plane  corresponding  to  similar  letters  on 
the  threads  of  the  screw,  as  would  be  seen  by 
winding  the  plane  around  the  cylinder.  The ' 
thread  of  a  screw  projects  from  the  surface  of  the  cylinder,  and  is 
designed  to  fit  into  a  spiral  groove,  cut  in  the  interior  of  a  block  called 
the  nut ;  a  lever  is  also  84 

fixed  in  the  head  of  the 
cylinder  to  which  the 
power  is  applied.  The 
combination  of  these 
parts  forms  the  mecha- 
nical power  technically 
called  the  screw. 

In  working  the  screw,  the  resistance  acts  on  the  inclined  fact'  of  the 
thread,  and'  the  power  parallel  to  the  base  <»f  the  screw.  This  cor- 
responds to  the  case  in  which  the  direction  of  the  power  is  parallel  to 
the  base  of  the  inclined  plane.  Equilibrium  will,  therefore,  take  place 
when  the  power  is  to  the  resistance  as  the  distance  between  the  threads 
of  the  screw  is  to  the  circumference  described  by  the  power. 

P:  W=  h  :  2i?/<,  and  F -^  "^X  2^  ' 

h  being  the  distance  between  the  threads,  R  the  radius  of  the  screw,  or 
of  the  length  of  the  lever  attached  to  it,  and  tt  the  ratio  of  the  circum- 
ference of  a  circle  to  its  radius. 

During  each  revolution  the  power  describes  a  circle,  whose  circum- 
ference depends  on  the  length  of  the  lever,  but  the  end  of  the  screw 
advances  only  the  distance  between  two  threads ;  thus  in  this,  as  in  all 
cases  of  the  use  of  machines,  what  is  gained  in  power  is  lost  in  velocity. 


THSOET  Of  MACHIMSET. 


97 


128. 


•flkstono J  and  applioatioiis  of  the  screw.— 


The  mechanieel  efioioiioy  of  the  screw 
is  eayettted,  either  hj  inereasing  the 
length  of  the  lever,  or  l^  lessening  the 
itishmee  hetween  the  thieeds.  If  the 
Ihrsede  of  a  eerew  are  }. of  an  inch 
apart^  and  the  power  describes  a  oirde 
of  5  ftefc  (12Q  half-inches)  circumfer^ 
enoe^  a  power  of  1  lb.  inll  balance  a 
reuetaaee  of  ISD  lbs.;  if  the  threads 
are  ilMhi^art,  lib.  will  balance  240 
Ibe.,  iSbm  efieSoiey  bmng  doabled. 

Tiaa  aoraws  ave  theref(Kre  oKKre  power- 
fol  than  eoaiae  onea.  The  appUcations 
of  tfak  aool  Qaefbl  mechanical  power 
are  loo  nnmecooa  to  mention,  bat  no 
more  fireqnent  or  important  example  of  its  ose  can  be  named  than  is 
seen  in  its  nse  in  presses  of  nearly  all  kinds.  A  good  illustration  of 
which  is  seen  in  the  copying  press,  fig.  85. 

129.  The  endleaa  screw  is  a  contrivance  by  which  a  slow  motion 
IB  imparted  to  a  wheel,  as  shown  in  fig.  86 

86.  The  threads  of  the  screw  act  apon 
the  cogs  of  the  wheel,  and  serve  to  move 
the  weight  Q,  attached  to  the  axis  M  L. 
If  we  call  the  radius  of  the  cirple  de- 
scribed by  the  winch  D  B  =  r,  and  let 
h  =  the  distance  between  the  threads  of 
the  screw,  we  shall  have  the  power  of  the 


2f€r 
screw  =  -^.    Let  i?  =  M  F,  and 


-1 


i^  s=  M  L,  and  the  power  of  the  wheel  and  axle  will  =  -^ 
Then  W:  P^2iTrX  R:  hX  E^; 


W  =  PX 


2HrR 
hR*' 


Therefore  the  weight  is  to  the  power  as  the  cirouniference  of  the 
orde  described  by  the  winch  D,  multiplied  by  the  radius  of  the  wheel, 
is  to  the  distance  between  the  threads  of  the  screw  multiplied  by  the 
radios  of  the  axis. 
11  ♦ 
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i  3.  Strength  and  Power. 

130.  Animal  strength. — The  meohanical  effect  prodoced  by  men 
and  animals  is  subject  to  extreme  variation,  according  to  the  yarions 
ciroumHtances  under  which  it  is  applied.  The  effect  produced  is  deter- 
mined by  multiplying  the  load  (or  weight)  by  the  speed.  There  is 
always  a  certain  relation  between  the  elements,  which  will  give  the 
maximum  effect ;  for  the  load  may  be  so  great  that  it  will  require  all 
the  strength  of  the  animal  to  support  it,  and  then  he  cannot  move ;  or, 
again,  the  animal  may  have  a  Hpeed  of  motion  so  great,  that  he  cannot 
carry  any  load,  however  small. 

131.  Strength  of  men. — It  has  been  found  that  the  strength  of  a 
man  may  be  exerted,  for  a  short  time,  most  advantageously  in  raising  a 
weight  when  it  is  placed  between  his  legs.  The  greatest  weight  that 
can  be  raised  in  this  manner,  varies  from  450  to  600  lbs. ;  its  average 
amount  does  not  however  exceed  250  lbs. 

The  greatest  mechanical  effect  from  muscular  force  is  obtained  when 
the  animal  acts  simply  by  raising  his  weight  to  a  given  height,  and 
then  is  lowered  by  simple  gravity,  as  upon  a  moving  platform,  the 
animal  actually  resting  during  the  descent.  In  other  words,  the  animal 
affords  a  convenient  mode  of  raising  a  given  weight  (his  own)  to  a 
certain  height.  Thus,  if  two  baskets  are  arranged  at  each  end  of  a 
rope  hung  over  a  pulley,  and  a  weight  to  be  raised  is  placed  in  one  of 
the  baskets,  one  or  more  men,  whose  weight  is  greater  than  that  of  the 
load  to  be  raised,  can,  by  getting  into  the  empty  basket,  raise  the 
weight  as  often  as  may  be  required.'  It  has  been  found  by  experiment 
that,  in  this  way,  a  man  working  eight  hours  can  produce  an  effect 
equivalent  to  2,000,000  lbs.  raised  one  foot ;  while  at  a  windlass  an 
effect  of  only  1,250,000  lbs.  is  produced,  and  at  a  pile  engine,  only 
750,000  lbs.  In  the  tread-mill,  the  daily  effect  of  men  of  the  average 
strength  is  1,875,000  lbs.  raised  one  foot.  Spade  labor  is  one  of  the 
most  disadvantageous  forms  in  which  human  labor  can  be  applied ;  the 
force  exerted  being  always  much  greater  than  the  weight  of  the  earth 
raised.  The  muscular  effect  of  the  two  hands  of  a  man  is  about  (50  k) 
110}^  lbs.,  and  for  a  female  about  two-thirds  of  this  quantity. 

132.  Horse-power  machines. — One  of  the  most  advantageous 
methods  of  applying  the  strength  of  animals,  is  by  machines  con- 
structed upon  the  principle  of  the  tread-mill.  In  practice,  however,  it 
has  been  found  more  convenient  to  apply  horse-power  to  machinery  by 
means  of  a  large  beveled  or  toothed  wheel,  fixed  horizontally  on  a 
strong  vertical  axis,  as  in  fig.  87.  The  horses  are  attached  to  project- 
ing arms  of  this  wheel,  and  as  they  move  in  their  circular  path,  they 
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pnsh  against  their  collars,  and  make  the  wheel  rerolve.  This  bereled 
wheel  acta  on  a  beveled  pinion  attached  to  a  horiiontal  shafts  in  oon- 
necUon  with  the  machinery  to  8T 

be  set  in  motion.  The  maximum 
effect  which  a  horse  can  exert 
in  drawing  is  900  lbs.,  but  when 
he  works  continuously,  it  is 
much  less.  In  the  machine  just 
mentioned,  a  horse  of  average 
Htrcngth  produces  as  much  effeofc 
as  seven  men  of  average  strength 
working  at  a  windlass.  Accord- 
ing to  experiments  made  by 
Predgold,  it  appears  that  the 

average  load  which  a  single  horse  can  draw,  at  the  rate  of  20  miles  per 
day,  in  a  cart  weighing  7  cwt.,  is  one  ton  of  1800  lbs. 

133.  Table  of  the  comparative  strength  of  men  and  other 
animala. — The  following  estimates  of  the  relative  Btren;;th  of  man  and 
other  animals,  have  been  given  by  the  authorities  whose  names  are 
indi<;ato<l,  Coulomb's  estimate  of  the  labor  of  a  man  being  in  each  case 
taken  a.s  the  unit. 

Carrying  loads  on  the  back,  on  a  level  road : 

Horse,  according  to  Brunacci,         4*8 

"  "  Wessemann,     6-1 

Mulo,  **  Brunacei,  7*6 

In  drawing;  loads,  on  a  level  road,  with  a  wheeled  vehicle : 

Man  with  a  wboelbarrow,  according  to  Coulomb,         10*0 
Horses  in  four-wheeled  wagon,     "  "  175*0 

*'       in  two-wheeled  cart,  according  to  Brunacei,  243*0 
Mule.  "  "  "  "         233*0 

Ox,  "  •'  "  "         122*0 

Hajtsenfratz  gives  the  following  comparative  estimate : 


In  carrrinc  loKds  on  a  lerel  ro«d. 

Man 1*0 

Hor^e, 80 

Mule, 8*0 

As 4*0 

Camel, 310 

Dromcdarr, 26*0 

Elephant, 147*0 

Dog 1*0 

Reindeer, 3*0 


In  drawinf  load*  on  a  lev  1  road. 

Man, 1*0 

HorM, 7*0 

Mule, 70 

Abb, 20 

Ox,       4  to  7*0 

Dog, 0-6 

Reindeer,       0*2 


134.  Steam-power. — ^Water  is  converted  into  steam  by  the  applicar 
tioa  of  heat.     Steam  is  an  elastic,  condensible  vapor,  capable  of  exert- 
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ing  great  force.  During  the  conversion  of  a  cobic  inch  of  water  into 
stoam  a  mechanical  force  is  exerted,  which  may  be  stated,  in  round 
numbers,  as  equivalent  to  a  ton  weight  raised  one  foot  high.  The 
water  is  merely  the  medium  by  which  the  mechanical  effects  of  heat 
are  evolved.  The  real  moving  power  is  the  combustible,  the  coal  cir 
wood,  consumed  in  the  evaporation  of  the  water. 

The  maximum  effects  from  a  given  weight  of  coal,  in  evaporating 
water,  and  consequent  mechanical  effect,  have  been  obtained  in  Com> 
wall,  England,  where  a  bushel  of  coal,  weighing  84  lbs.,  has  produced 
a  mechanical  effect  equivalent  to  120,000,000  lbs.  raised  one  foot. 
Probably  100,000,000,  is  the  maximum  mechanical  effect  attainable,  in 
regular  work,  by  the  consumption  of  a  bushel  of  coal. 

As  the  maximum  effect  produced  by  man  is  2,000,000,  and  that  of  a 
horse  10,000,000,  it  follows,  that  one  bushel  of  coal  consumed  daily 
may  perform  the  work  of  50  men  or  10  horses. 

In  the  chapter  on  heat  and  the  steam-engine,  this  subject  will  be 
more  fully  considered.  It  is  introduced  here  only  for  the  sake  of  the 
convenient  standards  of  force  it  gives  us. 

The  dynamometer,  already  described  (37),  is  employed  to  measure  the 
eflficiency  of  any  given  mechanical  power. 

135.  Perpetual  motion. — Many  visionary  persons  have  convinced 
thcmnelves  of  the  possibility  of  constructing  a  machine  to  work  con 
tinuously,  with  no  new  access  of  power.  That  such  a  machine  is  im 
possible,  in   the  nature  of  things,  is  88 

clear  from  the  fact  that  no  combina- 
tion of  parts  in  a  machine  can  create 
power.  A  machine  can  only  transmit 
force,  subject  to  the  various  losses 
incident  to  friction  and  other  resist- 
ances. 

Fig.  88  shows  one  of  the  numerous 
forms  of  apparatus  contrived  in  the 
vain  effort  to  elude  the  laws  of  nature 
and  produce  a  perpetual  motion.  The 
eight  balls  are  hinged  on  points,  in 
such  a  way  that  those  on  the  falling 
side  are  held  farther  from  the  axis  than  those  on  the  rising  side.  Not 
only  does  experiment  show  that  such  a  machine  will  not  toorkt  hut  it 
is  plain  that  the  sum  of  the  resistances  (aside  from  friction,  &c.) 
must  equal  the  sum  of  the  powers. 

Nature,  in  cataracts,  in  the  revolution  of  the  earth  and  other  heavenly 
bodies,  furnishes  us  examples  of  perpetual  motion.    But  in  mechaniof 
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this  term  implies  the  usumed  capacity  of  a  machine  to  continue  the 
perfonuanoe  of  its  work  by  some  renewing  force— as  of  a  clock  which 
should  wind  itself  up  in  proportion  as  by  gravity  it  runs  down — a 
thing  plainly  impossible. 

{  4.  Impediments  to  Motion. 

136.  PttMive  reeifltanoee. — ^Besides  those  resistances  which  a  ma- 
chine is  designed  to  OToroome,  there  are  certain  others  which  arise 
during  the  moTcment  of  the  machine,  and  oppose  its  useful  action  by 
destroying  more  or  less  of  the  moving  power.  These  forces  are  desig- 
nated by  the  general  name  of  pauive  resUtaneu^  or  impediments  to 
motion. 

Several  kinds  are  distinguished : 

1st. — ^When  we  attempt  to  cause  one  body  to  slide  over  another,  a 
resistance  is  experienced,  so  that  it  is  necessary  to  use  a  certain  degree 
of  force  to  commence  the  sliding,  and  also  to  continue  the  motion  after 
it  has  been  begun.  This  is  the  resistance  called  sliding  friction,  or 
simply  friction. 

2d. — When  a  cylindrical  body  is  rolled  on  a  plane  surface,  the  move- 
meot  is  opposed  by  a  force  called  the  rolling  friction.  If  is  seen,  for 
example,  in  the  rolling  of  carriage  wheels  on  the  ground. 

3d. — The  ropes  and  chains  which  enter  into  the  composition  of  some 
uiachines,  are  supposed,  in  theory,  to  be  perfectly  flezil)Ie,  but  as  they 
are  not  so.  a  considerable  loss  of  power  is  caused  by  their  stiffness,  or 
imperfect  flexibility. 

4th. — The  movements  of  all  machines  take  place  either  in  air  or 
water,  and  the  particles  of  these  fluids  which  come  in  contact  with  the 
machine,  are  continually  set  in  motion,  which  can  only  happen  at  the 
expense  of  the  moving  power.     This  is  called  the  resistance  of  fluids. 

137.  Sliding  friction. — If  the  surfaces  of  bodies  were  perfectly  hard 
and  smooth,  they  would  slide  upon  each  other  without  any  resistance. 
But  the  most  highly  polished  surfaces  are,  really  (as  they  appear  under 
the  microscope),  full  of  minute  projections  and  cavities,  which  fit  in 
each  other  when  two  surfaces  are  brought  into  cf)ntact.  The  force 
required  to  overcome  the  roughness  and  consequent  adhesion  of  sur- 
faces is  the  measure  of  friction.  This  quantity,  divided  by  the  weight 
of  the  body,  forms  a  fraction  which  is  called  the  co-efficient  of  the 
friction. 

138.  Starting  friction — Friction  daring  motion. — The  amount 
of  force  necessary  to  commence  the  motion  of  two  bodies,  sliding  on  each 
other,  is,  in  most  coses,  greater  than  the  force  required  to  continue  the 
movement  uniformly  after  it  has  been  begun ;  hence  this  resistance  is 
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distinguished  into  two  kinds,  starting  friction,  and  friction  during 
motion.  They  are  also  called  statical  and  dynamical  friction.  Wheweli 
proposes  to  name  the  former  striction,  reserving  the  word  friction  for 
the  latter.  Ilowever  named,  the  laws  of  each  can  be  determined  only 
by  experiment. 

Coulomb's  apparatuB  for  determining  starting  friction. — Dif- 
ferent observers  are  by  no  means  agreed  in  respect  to  all  the  laws  of 
friction;  we  shall  here  follow  the  results  obtained  in  1781,  by  the 
celebrated  French  philosopher  and  mathematician,  Coulomb.  In  1831, 
Morin,  by  command  of  the  French  government,  repeated  and  enlarged 
the  experiments  of  Coulomb,  usually  verifying  his  general  conclusions. 

The  principal  apparatus  used  by  Coulomb  is  represented  in  fig.  89. 

89 


It  consists  of  a  horizontal  table ;  a  box,  A,  to  receive  the  weights  used 
to  produce  the  different  pressures ;  a  pan,  D,  on  which  were  placed  the 
weights  to  drag  the  box  along  the  table  by  means  of  a  cord  passing 
over  a  pulley.  The  box  was  mounted  on  slides,  of  the  same  substance 
on  which  the  experiment  was  to  be  made,  and  corresponding  slips  of 
the  same,  or  a  different  substance,  were  placed  under  the  sliders  on 
the  table.  The  amount  of  the  weight  required  to  be  placed  in  D,  to 
move  the  box  from  a  state  of  rest,  is  the  measure  of  starting  friction ; 
and  the  weight  necessary  to  continue  the  movements  uniformly,  is  the 
measure  of  friction  during  motion. 

Results  of  Coulomb's  experiments  on  starting  friction. — 
Without  detailing  the  experiments,  it  will  be  sufficient  to  state  their 
general  results  embraced  in  the  following  laws : — 

Friction  during  movement  is, 

1st. — Proportional  to  the  pressure  exerted  upon  the  sliding  surfaces 

2d. — Independent  of  the  extent  of  the  surfaces  in  contact. 

3d. — Independent  of  the  velocity  of  the  movement. 

4th. — Greater  between  surfaces  of  the  same  than  surfaces  of  different 
materials 
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itk  Ore>lert  bttwean  loa^  rarboes,  and  is  diminished  l^  polish- 
kf^  and  asnaUj  l^  the  use  of  soiytble  wigaaits. 

frioCiaa  ftt  stertiiig  is» 

hL — Proportional  to  prassoie, 

2dL— Indopeiidiiit  of  extODt  of  saz&oe. 

3d.— Gemerally  inenosed  by  polishing  the  sor&oeo. 

The  friotion  at  starting^  and  during  the  moTomenti  aie  the  same, 
when  the  ali^ng  snrfiMMS  are  hard,  like  the  metals;  bat  if  the  bodies 
lire  compressible,  like  wood,  the  starting  Crietkm  is  mneh  the  greatest 
When  at  least  one  of  the  snrfaces  is  compressible,  the  renstanoe  is  not 
always  the  same,  bat  ▼aries  according  to  the  time  the  snrfiuies  have 
been  in  coptaet  If  wood  slides  on  woodt  the  starting  friotion  attains 
ill  greatest  intennly  in  two  or  three  minntes ;  bat  if  the  sliding  snr- 
faces are  wood  and  metals,  the  greatest  intensity  is  not  reached  for  a 
much  longer  time,  sereral  hoars,  and  sometimes  several  days.  Bat  after 
a  certun  time  has  elapsed,  the  starting  friction  is  no  longer  aagmented 
bj  lengthening  the  time  of  contact 

It  appears  strange  at  first,  and  contrary  to  oar  prerioas  ideas,  that 
the  fricUon  at  starting,  and  during  movement,  shoold  not  be  increased 
by  enlarging  the  snrfaces  in  contact,  and  vice  versa.  The  explanation  is 
this.  Friction  is  proportional  to  pressure;  if,  therefore,  two  bodies 
have  the  same  weight,  and  one  has  twice  the  surface  of  the  other,  the 
weight,  being  equally  distributed  on  each  surface,  will  be  twice  as 
great  on  each  point  of  the  surface  of  the  first  body  as  on  each  point  of 
the  second,  and  consequenUy  the  friction  at  each  point  of  the  first  is 
twice  the  friction  at  each  point  of  the  second,  and  the  whole  friction 
most  be  the  same  for  each  body.  This  law,  however,  does  not  hold  good 
in  extreme  cases. 

With  the  same  pressure,  the  friction  varies  exceedingly  according  to 
the  nature  of  the  surfaces  in  contact  The  following  table  shows  the 
ratio  of  friction  in  several  cases,  the  pressure  being  100. 


SvftMa  la  ooBtaet. 

■•tfo  or  MeOoD  10  vnmmrm. 

▲t  itartiiic.                 In  moUoa. 

0*50 
0-86 
0-l» 
0-60 
012 

o-es 

0-87 
0-18 
012 

0S6 

it        ti        €4      ^^1  eoating  of  soap,  .    . 
u        u        u        u         u        oftaUow,    . 
«        M     motalfl,  ........    T 

014 
0-07 
0-i2 

«        «        "      '  with  coating  of  tallow,  . 
Leather  banda  on  wood, 

M                  *€          ^0f 

008 
0-45 
0S3 

lff«««1>  AMI  niAtftlfl 

018 

«        «<        «      with  eoating  of  olive  oO, 

007 
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139.  Rolliug  friction. — The  resistance  experienced  in  rolling  a 
cylinder  along  a  plane  surface  is  distinct  in  character  from  the  friction 
produced  in  sliding  the  cylinder,  and  very  much  less  in  amount.  In 
wood  rolling  on  wood  the  proportion  of  resistance  to  pressure  is  from 
16  to  1000,  or  6  to  1000,  while  the  sliding  friction  in  the  same  case  would 
he  as  6  to  10,  or  36  to  100,  according  to  the  kind  of  sliding  friction.  The 
resistance  of  rolling  friction  arises  from  a  slight  change  of  form  pro- 
duced in  the  body,  and  the  surface  on  which  it  moves,  and  correspond- 
ing to  the  amount  of  pressure.  The  cylinder  is  flattened,  and  the  plane 
depressed,  so  that  the  moving  force  is  exerted  in  continually  moving 
the  body  up  a  very  minute  inclined  plane. 

Coulomb's  apparatoB  for  determining  rolling  friction. — The 
apparatus  employed  by  Coulomb,  consisted  of  two  bars,  horizontal  and 
parallel,  with  a  space  between  them,  fig.  90.  A  cylinder  of  the  same, 
or  a   different   substance,   was    placed  90 

transversely  across  the  bars,  and  loaded 
with  any  required  pressure  by  hanging 
strings  upon  it,  carrying  equal  weights 
at  their  extremities.  Another  string, 
wound  several  times  around  the  middle 
of  the  cylinder,  carried  a  pan  c  to  re- 
ceive the  weight  necessary  to  produce 
motion.  It  is  evident  that  this  weight 
acted  always  at  the  extremity  of  the 
radius  of  the  cylinder  as  a  lever. 

Results  of  Coulomb's  experi- 
ments on  rolling  friction. — From  the 
experiments  were  derived  the  following 
laws : — 

The  friction  of  rolling  bodies  is, 

Ist. — Proportional  to  pressure. 

2d. — Independent  of  velocity,  of  the  diameter  of  the  cylinder,  and  of 
the  extent  of  the  surfaces  in  contact. 

3d.  Greater  when  the  substances  are  the  same  than  when  they  are 
different. 

4th. — Not  diminished  by  coatings  of  grease,  but  is  so  by  the  polish 
of  the  surfaces. 

If  the  force  which  produces  the  movement,  instead  of  being  applied 
always  at  the  same  arm  of  the  lever,  fig.  90,  were  applied  horizontally 
at  the  centre  of  the  cylinder,  or  at  the  upper  extremity  of  its  vertical 
diameter,  it  would  be  inversely  proportional  to  the  diameter. 

The  friction  of  the  axle  of  a  wheel,  whether  the  axle  itself  turns,  or 
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the  wheel  on  the  axle,  is  At»mewhat  less  than  sliding  frictiijn.  but  ohevs 
the  same  laws.  The  fric[ioa*of  axles  may  be  reJuceil  one-hulf  ur  une- 
quarter  its  original  amount  by  the  use  of  proper  unguents. 

140.  Mr.  Babbage*8  experiment. — Mr.  Babbage  cites  an  instruc- 
tive experiment  to  illustrate  the  decrease  of  friction.  A  block  of  sii^ne 
weighing  1080  lbs.  was  drawn  on  the  surface  of  a  rock  by  a  force  lif 
758  lbs. ;  placed  on  a  wooden  sledge,  it  was  drawn  on  a  woutien  fluur  by 
a  force  of  606  lbs. ;  when  both  wooden  surfaces  were  grea»ed,  Ib'J  lbs. 
was  sufficient ;  and  when  the  block  was  mounted  on  wooden  rollers  of 
three  inches  diameter,  a  force  of  only  28  lbs.  was  required  to  move  it. 

141.  Advantages  derived  from  friction. — The  advantages  arising 
from  friction  are  vastly  greater  than  the  loss  of  power  which  it 
occasions.  Without  this  property  of  matter  it  would  be  equally  impos- 
sible to  make  or  use  machines,  for  nothing  could  be  nailed,  or  screwed, 
or  tied  together,  or  grasped  securely  in  the  hand.  From  the  difficulty 
of  walking  on  very  smooth  ice,  we  may  infer  how  useless  would  be  the 
effort  to  move,  if  our  feet  met  no  resistance  whatever. 

142.  Rigidity  of  ropea. — When  ropes  are  used  to  transmit  (',tco, 
their  stiffness  occasions  a  considerable  loss  of  power,  umnuntin;!.  in 
some  combinations  of  pulleys,  to  two-thirds  of  the  whole  |.N.»wer.  The 
amount  of  the  loss  from  this  cause  is  modified  by  many  external  cir- 
i-um.stances,  such  as  the  dampness  of  the  cordage,  its  quality,  and  the 
manner  in  which  it  is  made.     In  general,  the  resistance  of  ri»i»es  i*, 

l.-it. — Proportional  to  the  tension  to  which  they  are  subjected. 

2d. — It  increases  with  the  tliickness,  and  is  greatest  in  those  that 
have  been  8tron<jjly  twisted. 

3d. — It  is  inversely  proportional  to  the  diameter  of  ihe  wheel  or 
cylinder  around  which  the  ropes  are  bent. 

143.  Resiatancea  of  fluids. — The  resistance  which  a  moving  UAy 
meets  in  air  and  water,  is  an  effect  of  the  transfer  of  motion  from  the 
solid  to  the  particles  of  the  fluid.  For  the  moving  V)ody  inu-jt  constantly 
displace  a  part  of  the  fluid  equal  to  its  own  bulk,  and  the  motion  thus 
communicated  is  so  much  loss  of  the  motive  power.  When  other  cir- 
cumstances are  the  same,  the  denser  the  medium  the  greater  will  be 
the  resistance  which  it  offers.  Newton  demonstrated  that  if  a  spherical 
body  moves  in  a  medium  at  rest,  and  whose  density  is  the  same  as  itn 
own,  it  will  lose  half  of  its  motion  before  it  has  described  a  space  equal 
tr  twice  its  diameter.  The  resistance  encountered  by  a  body  movinj; 
in  water  is  8«XJ  times  greater  than  if  it  were  moving  with  the  same 
velocity  in  air ;  for  water  being  SOi)  times  more  dense  than  air,  the 
body  must  displace  and  communicate  its  own  motion  to  800  times  as 
much  matter  in  the  same  time. 
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The  resistance  also  depends  upon  the  extent  and  form  of  the  surface 
which  is  directly  opposed  to  the  resistance ;  t.  e,,  at  right  angles  to  the 
direction  of  the  motion.  A  body  with  a  pointed,  wedge-shaped,  or  curved 
surface,  is  less  opposed  than  one  whose  surface  is  flat  and  broad. 

The  resistance  increases  as  the  square  of  the  velocity ;  for  if  the 
velocity  is  doubled,  the  loss  of  motion  must  be  quadrupled,  because 
there  is  twice  as  much  fluid  to  be  moved  in  the  same  time,  and  it  has 
also  to  be  moved  twice  as  fast  Again,  let  the  velocity  be  trebled,  then 
the  body  will  meet  three  times  as  many  particles  of  the  fluid  in  the 
same  time,  and  communicate  three  times  the  velocity ;  therefore  the 
resistance  is  3  X  3  =  9  =  3*. 

Bodies  having  the  same  figure  and  density  overcome  the  resistance 
of  fluids  more  easily  in  proportion  to  their  size.  In  cannon-balls,  for 
example,  the  extent  of  surface  to  which  the  resistance  is  proportional 
increases  as  the  square  of  the  diameter,  while  the  weight,  or  power  to 
overcome  resistance,  increases  as  the  cube  of  the  diameter.  If  twc 
balls  have  diameters  in  the  ratio  of  2 :  3,  the  resistances  which  the^ 
will  encounter  at  the  same  velocity  of  projection,  will  be  in  the  ratio 
of  4 :  9,  and  their  moving  force  in  the  ratio  of  8 :  27. 

144.  Actual  and  theoretical  velocities. — ^In  consequence  of  these 
impediments  to  motion,  the  actual  movements  of  bodies  are  materially 
different  from  the  theoretical  motions  explained  in  previoas  sections. 
The  motion  of  falling  bodies  is  very  far  from  being  uniformly  accele- 
rated, nor  do  all  bodies  fall  with  equal  rapidity,  as  theory  requires, 
and  as  was  seen  to  be  true  in  the  guinea  and  feather  experiment.  The 
resistance  of  the  air,  which  is  very  small  at  first,  rapidly  increases,  and 
afler  a  certain  time  becomes  equal  to  the  force  of  gravity,  when  the 
body  will  no  longer  be  accelerated,  but  move  uniformly  through  the 
remainder  of  its  descent.  The  descent  of  bodies  on  inclined  planes 
and  curves  deviates  still  more  from  uniformly  accelerated  motion,  since 
the  effect  of  friction  is  added  to  the  resistance  of  the  air. ' 

145.  BalliBtio  oorve. — A  still  greater  difference  is  observed  be- 
tween the  actual  and  theoretical  motions  of  pro-  91 
jectiles  (103).    Instead  of  describing  a  parabola, 
A  £  B,  fig.  91,  the  projectile  actually  "describes 
the  curve  A  G  D,  called  the  ballistic  curve,  which 
never  attains  so  great  a  vertical  height,  or  so  long 
a  range  as  the    corresponding    parabola,   and 
which,  toward  the  end  of  its  course,  continually 
approaches  the  perpendicular,  £  F.     A  four- 
pound  shot,  which  fiies  6437  feet  in  the  air,  would  traverse  in  a  vacuum 
a  space  of  23.226  feet. 
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Ab  in  the  cam  of  IHctioo,  the  benefits  resulting  Arom  this  state  of  thingp 
•Terpaj  the  disadrantages.  Fish  conid  not  swim,  nor  birds  fly,  were  it  not  foi 
the  resistanoes  of  the  media  thej  inhabit.  The  paddle-wheels  of  a  steamer 
would  not  more  it,  nor  its  mdder  guide  its  course^  if  thej  met  no  resistance  to 
their  moroments.  And  we  ean  rery  well  dispense  with  a  perfect  theory  of  pro- 
jectiles, if  thereby  the  rain  is  prevented  from  descending  with  the  destmetiTe 
▼elocity  of  hail-stones. 


Problems. — Vis  Viwa. 


47.  If  a  locomotire  and  inln  move  20  miles  an  boor,  how  much  greater  foroe 
will  be  required  to  moTe  a  train  weighing  three  times  as  mnoh  25  miles  an 
boor? 

48.  If  a  loeomotiTO  weighing  30  tons  will  draw  a  train  weighing  90  tons  15 
miles  an  hour,  at  what  Telocity  will  it  draw  a  train  weighing  30  tons  ?  The 
weight  of  the  locomotive  is  to  be  added  to  the  train  in  both  eases. 

49.  What  will  be  the  relative  destmctive  power  of  a  hurricane  moving  60 
miles  an  hour,  and  another  moving  90  miles  an  hour  f 

50.  If  a  pile-driver  weighing  1500  lbs.  raised  20  feet  strikes  with  a  given  force 
tr>  uvnrcnme  resistance,  to  what  height  must  it  be  raised  to  give  a  shock  two  and 
a  half  times  as  great? 

51.  What  is  the  comparative  destructive  power  of  a  cannon-ball  weighing  64 
lbs.  flying  1000  feet  per  second,  and  another  ball  weighing  200  lbs.  fiying  1500 
feet  per  second  ? 

The  Lever. 

52.  Two  weights,  3  and  4,  balance  on  the  extremities  of  a  lever  4  feet  long ; 
find  the  fulcrum. 

53.  Four  weights,  1,  3,  7,  5,  are  placed  at  equal  distances  on  a  straight  lover. 
Determine  the  position  of  the  fulcrum. 

54.  Two  men  carry  a  weight  of  2  cwt  hung  on  a  pole,  the  ends  of  which  rest 
on  their  shoulders ;  what  part  of  the  load  is  borne  by  each  man,  the  weight 
hanging  6  inches  from  the  middle  of  the  pole,  the  whole  length  of  which  is  4 
feet? 

55.  A  beam,  18  feet  long,  is  supported  at  both  ends;  a  weight  of  IS  cwt.  is 
suspended  at  3  feet  from  one  end,  and  a  weight  of  12  cwt  at  8  feet  from  the 
other  end ;  required  the  pressure  at  each  point  of  support 

56.  A  uniform  beam,  40  feet  in  length,  the  weight  of  which  is  4  cwt,  is  sup- 
ported by  two  props,  A  and  B,  30  feet  apart ;  a  weight  of  24  cwt  is  then  sus- 
pended on  the  beam  at  the  distance  of  10  feet  from  B,  the  beam  projecting  8 
feet  over  the  prop  A,  and  2  feet  over  that  at  B ;  required  the  pressure  on  each 
of  the  props. 

57.  On  a  lever  3  feet  in  length  a  weight  of  500  lbs.  is  suspended  at  one  end, 
at  2i  inrhcit  from  its  fulcrum ;  what  weight  at  the  other  end  will  keep  the  lever 
in  equilibrium,  the  lover  being  Oifsumed  to  be  without  weight? 

"Wheel  and  Axle. 

5S.  A  [>ower  of  10  lbs.  on  a  wheel  the  diameter  of  which  is  10  feet,  balances 
a  weight  of  300  lbs.  on  the  axle;  what  is  the  diameter  of  the  axle,  the  thickness 
of  the  rope  on  the  wheel  being  one  inch,  and  that  of  the  rope  on  the  axle  two 
inches  ? 
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fiO.  A  nei^^ht  of  22 10  lbs.  i.s  sustained  by  a  rope  of  2  inches  in  diameter.  ^'«.iii|: 
round  an  axle  4  inches  in  diameter;  what  weight  must  be  sus]ien<led  at  the  «-ir 
cumfercnoe  of  a  wheel — radius  6  feet — by  a  rope  of  the  same  thicknefes,  to  obtain 
equilibrium  ? 

60.  Id  a  combinatign  of  wheels  and  axles  there  arc  given  the  radii  of  the 
wheels,  20,  26,  and  48  inches,  and  the  radii  of  the  pinions  and  axle.  4,  5,  and  8 
inches.  If  a  power  of  1  cwt.  be  applied  to  the  circumference  of  the  first  wheel, 
what  weight  will  it  be  able  to  sustain  at  the  circumference  of  the  axle,  or  Usit 
shaft  ? 

61.  The  number  of  teeth  in  each  of  three  successive  wheels  is  144,  and  tho 
number  of  teeth  in  each  of  the  axles  or  pinions  is  6 ;  what  weight  will  this  ma- 
chine support  on  the  last  shaft  with  a  power  of  2  cwt.  on  the  first  wheel  ? 

The  Pulley. 

62.  In  a  system  of  pulleys,  such  as  is  shown  in  fig.  76,  the  number  of  mov- 
able pulleys  being  5 ;  required  the  weight,  the  power  being  600  lbs.,  and  the 
weight  of  tho  movable  block  and  pulleys  being  .30  lbs. 

63.  What  power  at  P,  fig.  77,  will  be  required  to  balance  a  weight,  W,  of  3 
tons,  the  number  and  arrangement  of  the  pulleys  being  a«  shown  in  the  figure? 

Inclined  Plane. 

64.  What  power  acting  as  in  fig.  79,  will  balance  a  weight  of  300  lbs.  on  the 
inclined  plane,  the  length  of  the  plane  being  25  feet,  and  the  vertical  height 
five  feet? 

65.  On  an  inclined  plane,  whose  base  is  10  feet  and  height  3  feet,  what  power 
acting  parallel  to  the  base  will  balance  a  weight  of  2  tons  ? 

66.  What  power  is  required  to  draw  a  train  of  cars,  weighing  40  tons,  up  a 
railway  grade  rising  1  foot  in  every  100  feet  ? 

The  Screw. 

67.  What  weight  can  be  raised  by  means  of  a  screw  having  its  threads  one 
inch  apart,  by  a  power  of  150  lbs.  acting  at  a  distance  of  6  feet  from  the  axis 
of  the  screw  ? 

68.  Supposing  one-third  of  the  power  is  lost  in  overcoming  the  frietioii  of 
the  screw,  what  power  will  be  required,  acting  3  feet  from  the  axis  of  the  screw, 
to  raise  3  tons,  the  threads  of  the  screw  being  2  inches  apart  ? 

69.  What  power  at  the  winch  D,  fig.  86,  is  required  to  raise  a  weight  of  2  tons 
at  Q,  if  the  radius  of  the  axle  is  6  inches,  the  radius  of  the  wheel  3  feet,  the 
distance  between  the  threads  of  the  screw  ^1.  part  of  the  circumference  of  the 
wheel,  and  the  length  of  the  winch  D  B  =  2  feet  ? 

ReBiBtance. 

70.  If  a  mass  of  iron  weighing  5  tons  slides  upon  iron  rails,  wnat  force  is 
required  to  start  it,  and  how  much  to  keep  it  moving  afterwards  ? 

71.  If  a  steam  vessel  of  1000  tons  is  moved  through  the  wat«r  at  10  miles  an 
hour,  by  an  engine  of  300  horse-power,  what  is  the  power  of  an  engine  required 
to  propel  another  vessel,  of  the  same  model,  of  2000  tons  at  the  same  speed  ? 

72.  If  a  ball,  6  inches  in  diameter,  is  discharged  from  a  cannon  at  the 
rate  of  one  mile  in  7  seconds,  how  much  greater  force  would  be  required  to 

•throw  a  ball  of  double  the  weight  with  the  same  velocity,  taking  into  account 
the  resistance  of  the  air  and  the  dimensions  of  the  balls  ? 

73.  If  an  engine  of  500  horse-power  propels  a  vessel  of  1500  tons  12  miles  an 
hour^  at  what  velocity  will  an  engine  of  600  horse-power  propel  a  vessel  of  2000 

i^nm  hniji  QJ2  iJiQ  8Bme  model  as  the  preoedvag^ 
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CHAPTER  L 

MOLECULAR   FORCES. 

146.  Cohesion  and  Repulsion. — The  three  states  of  matter  (15) — 
the  solid,  liquid,  and  gaseous— exist,  as  is  assumed,  in  virtue  of  cer- 
tain forces  inherent  in  the  particles  of  matter,  and  called  molecular 
forces.  These  forces  are  either  attradive  or  repulsive^  drawing  the  par- 
ticles of  bodies  toward  each  other,  or  tending  to  separate  them.  In 
solids  the  attractive  force  greatly  overpowers  the  repulsive,  and  the 
particles  of  matter  become  therefore  relatively  fixed  at  certain  distances 
from  each  other — not  being  in  actual  contact,  but  having,  as  we  have 
seen  (23),  numerous  pores  between  them.  Heat  may  enlarge  and  cold 
diminish  these  pores,  and  with  them  the  sensible  magnitude  of  the 
■olid ;  but  the  integral  particles  of  the  solid  cannot  be  separated  with- 
out the  exercise  of  some  exterior  and  greater  force.  When  the  par- 
ticles of  a  body  are  not  separated  too  far,  they  return  again,  upon 
the  withdrawal  of  the  constraining  force,  to  their  original  position 
(Elasticity).  This  species  of  attraction  existing  between  particles  of 
the  same  kind  is  distinguished  by  the  term  coliesion,  and  when  existing 
between  particles  of  an  unlike  kind,  it  is  called  adhesion. 

Repulsion. — If  we  admit,  as  the  phenomena  of  porosity  demand 
(23),  that  in  spite  of  cohesive  attraction,  the  particles  of  bodies  do  not 
actoallj  touch  each  other,  it  follows  that  there  must  exist  in  the  roole- 
ealet  of  matter  a  second  and  counterbalancing  force  opposed  to  cohesion, 
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and — in  solids — in  equilibrium  with  it.     This  force  is  called  repulsion. 
We  shall  presently  revert  to  the  evidence  of  its  action  on  matter. 

While  the  existence  of  these  two  molecular  forces  is  in  many  cases 
capable  of  direct  proof,  the  exact  mode  of  their  action  is  chiefly  conjeo- 
tural.  It  is,  however,  certain  that  the  attractive  forces  act  only  at  insen- 
sible distances.  In  this  respect  the  molecular  forces  are  to  be  distin- 
guished from  gravitation,which  acts  at  all  distances.  Chemical  attraction 
is  also  distinguished  from  the  mechanical  forces  of  cohesion  and  adhesion, 
by  the.  important  fact  that  its  exercise  is  invariably  attended  by  the 
loss  of  specific  identity  (7),  and,  of  course,  by  the  substitution  of  new 
qualities  in  the  compound  for  those  characteristic  of  its  constituents. 

Since  the  force  of  gravity  is  proportioDal  to  the  mass,  and  invenely  ai 
the  distance,  if  cohesion  were  merely  the  attraction  of  gravitation  acting  at 
ineiensiblo  distances,  the  particles  of  a  body  situated  at  the  centre  of  ipravity  of 
a  large  mass,  should  cohere  more  strongly  than  particles  at  a  distance  from  the 
centre  of  gravity,  or  than  the  same  particles  when  the  mass  is  reduced  to  frag- 
ments, bat  no  such  difference  has  been  observed,  we  must  therefore  conclude 
that  gravity  and  cohesive  attraction  are  essentially  different  forces. 

147.  Examples  of  cohesion  among  solids. — Cohesion,  when  once 
destroyed  by  mechanical  violence,  is  not  usually  brought  into  exercise 
again  by  mere  contact  of  the  separated  particles.  Thus  the  broken 
fragments  of  a  glass  vessel,  or  of  a  stone,  do  not  reunite  at  ordinary 
temperatures.  Two  hemispheres  of  tarnished  lead  will  not  adhere  by 
their  flat  surfaces  by  mere  pres- 
sure, but  if  the  coating  of  oxyd  is 
first  removed  by  a  sharp  knife, 
and  the  two  clean  surfaces  are 
then  pressed  together,  with  a 
slight  wrenching  motion,  they 
will  cohere  strongly.  Arranged 
as  in  fig.  92,  two  surfaces  one 
inch  in  diameter  will  sustain  ten 
pounds  or  more.  This  is  only 
an  example  of  welding  at  com- 
mon temperatures,  a  process  suffi- 
ciently familiar  in  hot  iron.  Wax, 
dough,  india  rubber,  and  other 
similar  substances,  ofler  examples 
of  a  like  nature,  provided  clean 
surfaces  be  pressed  together. 
Dust,  or  other  foreign  bodies, 
prevent  this  union.    Even*  polished  glass  plates,  allowed  to  remain  long 
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aooiiMh  if  parfeellj  dean,  and  under  preseare,  have  been  known  to 
eolMra  m  ttnmg/tj  m  to  separate  by  fractore  in  any  other  direction 
•HMr  than  in  tlie  line  of  junction.  Boyle  demonstrated  that  this  fiust 
iiBotifleowited  Ibr  l^  attributing  the  action  to  atmospheric  pressure. 
Hsmpeiided  a  pair  of  adhesion  plates  in  the  yacuum  of  an  air-pump, 
wiiere^  in  the  abemee  of  almospherie  pressure,  it  required  still  a  oon- 
oderaUe  weight  to  detach  the  surface. 

Adkaum  ii  dittinguiahtd  from  eckenon  by  the  fiust  that  while  the 
)»!Dtiff  oeeurs  between  particlee  of  a  like  kind,  producing  homogeneous 
bodies,  the  former  takee  place  between  particles  of  unlike  kinds,  pro- 
doeing  heterogeneous  bodiee.  Glue  binding  together  pieces  of  wood  is 
to  example  of  adhesion.  This  species  of  mechanical  attraction  is, 
bowerer,  seen  in  its  most  important  relations  in  the  en^us  phenomena 
of  eapillaidty,  to  be  discussed  hereafter. 

The  terms  cohesion  and  adhesion  are  often  used  intercbangeably, 
tod,  when  the  distinetions  here  pointed  out  are  borne  in  mind,  no  evil 
will  arise  from  this  use  of  terms. 

The  force  of  cohesion  among  the  particles  of  solids,  when  exerted 
ander  favorable  conditions,  produces  the  regular  forms  of  crystals,  to 
which  we  shall  presently  revert. 

148.  Coheaion  in  liqoida  and  between  liquid  gaaea  and 
solids. — The  force  of  cohesion  in  liquids  gives  the  spherical  form  to 
drops  of  rain  and  dew,  and  rounds  the  drop  of  water  suspended  from 
the  end  of  a  glass  rod.  If  two  drops  of  water  or  any  other  liquid 
approach  each  other  near  enough,  they  unite  to  form  a  larger  spherical 
drop.  A  soap-bubble  is  only  a  large  hollow  sphere  of  water,  whose 
outer  film  of  liquid  assumes  and  preserves  its  spherical  form  in  virtue 
of  cohesive  attraction  and  the  laws  of  liquid  equi-  ^ 

librium.  The  soap,  while  it  adds  to  the  viscous  con- 
dition of  the  wator,  really  diminishes  its  cohesive 
force,  as  was  shown  by  Prof.  Henry.  The  force  of 
cohesion  in  water  may  be  directly  measured  by  sus- 
pending a  oountorpoised  disk  of  ji^lass  or  metal  from 
a  scale  pan,  fig.  92^  adjusted  to  allow  the  disk  just  to 
touch  the  surface  of  the  water.  The  weight  required 
in  Uie  opposite  pan,  to  separate  the  disk  from  the  water,  then  becomes 
the  measure  of  cohesion  among  the  particles  of  water  forming  the  outer 
eirele  of  contact 

By  this  means  Gky  Lussac  found  that  a  disk  of  4*362  inches  in 
diameter  required  982  grains  to  separate  it  from  water,  while  from 
alcohol  (density  0*819)  and  spirite  of  turpentine,  478*83  and  525 
grains,  reepectrvely,  produced  separation ;  all  bein^  at  the  temperature 
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of  46°  Fahr.  The  thickness  and  material  of  the  disk  made  no  difiereno^ 
in  the  result,  showing  that  the  force  of  cohesion  was  the  only  force  to 
be  overcome,  and  that  this  force  was  exerted  at  a  distance  less  than  tho 
thickness  of  the  film  of  liquid  necessary  to  moisten  the  surface  of  the 
disk.     It  is  also  evident  that  the  weights  obtained  do  not  represent  the 
whole  cohesive  force  in  each  case,  since,  from  the  circumstances  of  the 
trial,  it  can  be  only  the  outer  circle  of  particles  whose  cohesion  is  over- 
come, and  this  being  the  largest  circle,  each  succeeding  row  or  line 
of  particles  yields  readily  to  the  same  force. 

Between  liquids  and  solids  the  force  of  adhesion  is  modified  by  the 
phenomena  of  capilluriiy  and  surface  attraction. 

Between  gaBes  and  solida  cohesion  is  seen  to  exist  when  we 
attempt  to  wet  the  polished  surface  of  a  steel  blade,  or  a  clean  surflMse 
of  glass,  with  water.  The  liquid  fails  to  wet  the  polished  surface  of  the 
metal,  &c.,  owing  to  the  film  of  air  adhering  to  it,  due  to  the  attraction 
of  the  solid  for  the  air.  If  the  blade  is  slightly  heated,  or  its  surface 
is  roughened  mechanically  or  by  acids,  this  film  of  air  is  removed,  and 
the  blade  is  then  wetted.     (See  Smee's  battery :  Electricity.) 

Gases  do  not  manifest  cohesion  among  themselves,  because  the  repul- 
sive force  overcomes  it,  but  numerous  examples  of  its  exercise  may  be 
quoted  besides  that  just  named.  The  bubbles  of  gas  escaping  from 
aerated  water  adhere  to  the  sides  of  a  glass  vessel  from  this  cause. 
But  above  all  is  this  seen  in  the  power  of  recently  ignited  charcoal  to  ab- 
sorb and  retain  gases.  Owing  to  its  numerous  sensible  pores,  charcoal 
presents  a  very  large  surface  in  a  small  space.  The  more  compact  the 
wood  the  more  numerous  are  these  pores,  and  the  more  remarkable  the 
consequent  absorption  of  gas.  Different  gases  are  also  very  differently 
absorbed  by  it,  depending  on  their  condensibility  and  solubility.  Thus, 
while  only  four  or  five  volumes  of  common  air  are  absorbed  by  charcoal, 
thirty  volumes  of  carbonic  acid,  and  eighty  or  ninety  volumes  of  am- 
monia or  chlorohydric  acid  gas,  are  absorbed  by  charcoal  recently 
ignited.  This  curious  and  important  property  is  easily  illustrated  over 
the  mercurial  trough,  by  using  glass  cylinders,  filled  with  the  various 
gases,  to  cover  bits  of  charcoal  placed  on  the  mercury — the  absorpUon 
commencing  at  once  and  advancing  gradually  for  some  hours. 

We  will  consider  the  action  of  molecular  forces,  Jirst,  between  mole- 
cules of  the  same  kind,  and,  second,  when  acting  between  molecules  of 
unlike  kinds,  to  which  are  referred  the  phenomena  of  capillarity.  .- 
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CHAPTER  II. 

OF  SOLIDS. 
MOLECULAR   FORGBS   ACTING   BETWEEN    PARTICLES  OV   IIKI   KINDS. 

2  1.   Properties  of  Solids. 

*  149.  The  oharaoteriBtic  properties  of  solids,  now  to  be  con 
sidered,  are,  1.  Crystalline  Form ;  2.  Elasticity ;  3.  Resistance  to  Frac- 
ture (including  Strength  of  Materials) ;  4.  Hardness,  and  5.  Those 
properties  dependent  on  a  permanent  change  in  the  arrangement  of  the 
molecules — as  Ductility,  Malleability,  Temper,  &c. 

1.50.  Straotore  of  solids. — In  solids  the  particles  of  matter  are 
heM  in  fixed  relation  to  each  other  by  the  molecular  forces  (146).  The 
relative  disposition  of  the  molecules,  or  of  their  groups,  constitutes  what 
is  fall*?ii  structure  in  solids.  This  structure  may  be  either  symmetrical 
or  rt'ijular,  as  in  living  beings  and  crystals,  or  amorphous,  as  in  most 
rocks  aiul  many  other  substances. 

Tiiere  exists  in  nature  a  plan,  which  cannot  be  mistaken,  to  combine 
mutter  in  complete  and  symmetrical  wholes.  The  bodies  of  animals 
consist,  usually,  of  two  equal,  (or  nearly  equal),  and  similar  sets  of  limbs 
and  organs,  one  on  the  right  and  one  on  the  letlb  side.  The  organs  of 
ratist  fluwering  plants  are  similarly  and  regularly  arranged  in  whorles  of 
thrcj^  members,  as  in  the  lily,  or  of  Jive,  as  in  the  rose,  or  in  some  other 
simple  numliers,"  and  the  same  law  is  beautifully  exemplified  in  the 
arranj:ement  of  the  leaves  and  branches  of  all  plants  and  trees  (phyllo- 
taj-f/j.  In  the  animal  and  vegetable  world,  the  laws  which  direct  the 
a;:::re/ation  of  matter  are  those  of  Vitality,  and  it  is  observed  that 
most  of  the  forms  thus  produced  are  bounded  by  curved  lines  and 
surfaces. 

In  the  inorganic  or  lifeless  world  different  laws  are  in  force,  and  in 
the  pnxluction  of  solids  the  atoms,  under  favorable  circumstances, 
arrange  tiiemselves  in  forms  which  are  angular  and  bounded  by  plane 
surfaces.  The  geometrical  forms  thus  produced  are  analogous  to  the 
m<.re  complicated  results  of  vitality  as  seen  in  animal  and  vegetable  life. 
These  forms  are  called  crystals,  and  the  laws  governing  the  aggrega- 
ti<»n  of  matter  into  such  forms,  are  called  the  laws  of  crystallization. 

When  solids  are  formed  in  a  manner  unfavorable  to  the  regular 
action  of  the  molecular  forces,  the  regular  forms.of  crystals  are  not 
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produced,  but  a  mass  which  has  perhaps  some  traces  of  crystaUine 
structure  (as  in  marble),  or  which  is  entirely  amorphous(152)»  aocording. 
as  the  act  of  soIidiQcation  has  been  more  or  less  disturbed.  Thus,  in 
granite  we  easily  detect  the  crystalline  structure  of  some  of  the  oon- 
stituents  closely  aggregated,  while  in  slates  and  many  meohanical 
rocks  no  traces  of  crystalline  structure  can  be  seen. 

2  2.  CryBtallography. 
151.  Conditions  of  oryBtallisation. — In  order  that  crystals  mtj 
form,  it  is  a  necessary  condition  that  the  molecules  of  the  body  to  be 
crystallized  should  have  freedom  of  motion  among  themselves,  and 
ample  time  to  arrange  themselves  in  accordance  with  the  force  of  crys* 
tallogenic  attraction.  These  conditions  may  be  met  in  either  of  the 
following  methods:  1.  By  solution;  2.  By  fusion;  3.  By  sublimation 
or  evaporation ;  or,  4.  By  electrical  or  chemical  deoomposition. 

(a)  By  solution, — Many  solids  dissolve  in  water ;  thus  most  salts,  as 
common  salt,  Epsom  salts,  saltpetre,  borax,  alum,  &o.,  form  a  clear 
solution  in  water,  in  which  all  crystalline  attractions  are  subordinated, 
until  by  gradual  evaporation,  or  by  cooling  from  a  saturated  hot  solu- 
tion, the  several  salts  reappear,  each  in  its  own  appropriate  form. 
Sulphur  and  phosphorus  also,  dissolved  by  heat  in  bisulphid  of  carbon, 
crystallize  by  the  cooling  of  the  solution.  Some  substances  are  equally 
soluble  in  cold  or  in  hot  water,  and  crystals  are  obtained  from  their 
solutions  only  by  evaporation,  with  or  without  the  aid  of  heat. 

Common  salt  is  an  example  of  snch  a  substance;  when  93 

evaporated  very  gently,  as  by  solar  heat,  perfect  cubes 
are  formed ;  if  rapidly,  as  by  fire,  a  confused  mass  of 
irregular  crystalline  grains  result  Sometimes  the  float- 
ing crystals,  as  they  grow  in  weight  continually,  but 
slowly,  sink,  giving  rise  to  the  curious  hopper-shaped 
forms  seen  in  fig.  93. 

Alumma  dissolves  in  melted  boracic  acid,  and  the  solution,  exposed 
for  a  time  to  the  highest  heat  of  a  porcelain  furnace,  loses  the  boracic 
acid  slowly  by  evaporation,  and  the  alumina  crystallizes  as  rubies  or 
sapphires.  Many  other  gems  have  thus  been  obtained,  of  microscopic 
size,  by  M.  Ebleman,  by  solution  in  boracic  or  phosphoric  acids,  or 
their  salts,  at  a  high  heat. 

(b)  By  fusion. — By  melting  sulphur,  bismuth,  and  many  other  sub- 
stances, in  crucibles,  and  allowing  them  to  cool  very  slowly ;  when  a 
crust  has  formed  on  the  surface  it  is  pierced,  and  the  contents  remain- 
ing fluid  are  turned  out,  the  interior  cavity  is  found  lined  with  crystals 
of  the  substance  experimented  on. 

(c)  By  sublimcUion. — By  heat  many  substances  rise  in  vapor,  and  on 
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ling  again,  in  a  proper  leoeptaole,  auame  their  appropriate  orystal- 
I  forms — camphor,  anlphnr,  araeoioas  acid,  iodine,  arsenic,  sal-am- 
Diao,  to,,  can  be  ihos  crystalliied. 

d)  B^  dtdrUaX  or  ctoitoa/  decompoaiHon. — ^Bj  adding  to  a  solatioa 
■ome  sobstonoes  fome  other  dissoWed  bodj,  which  caoaes  the  first 
become  insoluble,  a  crjstalline  powder  often  &Us  (this  is  trutfin 
It  cases  of  prteipiiaUon),  dae  to  the  formation  of  a  new  oompoand, 
i  less  solubility  than  either  of  the  sabetanoes  employed.  The  crystals 
netals,  e.  g,  of  copper,  gold,  silTer,  Ac,  are  easily  formed  \fj  the 
cesses  of  electro-metallargy. 

52.  Amorphism. — ^Ajnorphism  is  that  state  of  a  solid  in  which 
re  is  no  trace  of  a  crystalline  stroctore;  examples  of  saoh  a  state  ^ 

seen  in  common  glass,  gon-flint,  wax,  obsidian,  sugai^candy,  Ac. 

amorphoos  body,  having  no  planes  of  deavage,  is  broken  in  one 
MStion  as  easily  as  in  another.    Bodies  are  generally  more  solable, 

hard  and  dense,  in  the  amorphous  than  in  the  crystalline  state. 
Ln  amorphoas  body  may  Jl>e  produced  in  a  number  of  ways ;  for 
mple,  by  fusion,  as  in  the  case  of  glass ;  by  evaporation  of  solu- 
ks,  as  those  of  the  gums  and  glue  in  water ;  and  by  precipitation 
n  their  solutions,  as  is  the  case  with  alumina  and  phosphate  of  lime. 

h«  property  of  tonghness,  leon,  m  for  example,  in  emery  (amorphoas  coran- 
\),  and  horn-stone  (amorphous  quarts),  is  much  more  highly  developed  in 
amorphoas  than  in  the  crystalline  varieties  of  these  minerals. 

53.  Crystalline  fomia.  Definitions. — ^The  crystalline  forms 
amed  by  the  same  substance  are,  with  certain  limitations,  always 
same ;  depending  on  the  nature  of  the  substance,  and  are  therefore 
Titial  forms.  The  study  of  these  forms  and  the  laws  of  crystallogeny, 
eal  to  us  all  that  we  know  of  the  ultimate  forms  of  matter. 

L  crystal  is  a  polyhedron,  and  the  terms  of  solid  geometry  are  used 
uystallography  without  change. 
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fteplacemetU, — An  edge  or  angle  is 
replaced  when  cut  off  by  one  or  more 
secondary  planes.    Fig.  94,  %%. 

Truncation. — An  edge  or  angle  is 
truncated  when  the  replacing  plane  is 
equally  inclined  to  the  a<yacent  faces. 
Fig.  94. 

ievdmeni, — An  edge  is  beveled  when  replaced  by  two  planes  which 
respectively  inclined  at  equal  angles  to  the  adjacent  faces  t2  1 2,  fig. 
Truncation  and  bevelment  can  only  occur  on  edges  formed  by  the 
$ting  of  equal  planes. 
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Tfie  axes  of  a  crystal  are  imaginary  lines  passing  through  its  centre, 
and  about  which  two  or  more  faces  are  symmetricallj  arranged.  They 
connect  either  the  centres  of  opposite  faces,  fig.  95,  or  edges,  fig.  96,  or 
the  apices  of  opposite  solid  angles,  fig.  97,  or  of  both  edges  and  angles, 
fig.^98. 
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Three  axes  are  employed  for  the  different  systems  in  crystallography 
(excepting  the  sixth,  fig.  114),  whose  length  may  be  equal,  or  only  two 
alike,  or  all  unequal ;  they  may  also  be  at^ight  angles  to  each  other,  or 
oblique. 

A  prism  is  a  column  having  any  number  of  sides.  In  crystal- 
lography we  have  four  and  six-sided  prisms,  which  may  be  either  right 
prisms,  that  is,  erect ;  or  oblique  prisms,  that  is,  inclined. 

Four-sided  prisms  occur  of  a  number  of  kinds ;  their  bases  may  be 
either  square,  rectangular,  rhombic,  or  rhomboidal.  If  the  base  is  a 
square,  or  a  rectangle,  and  the  prism  erect,  tfie  eight  solid  angles  are 
equal  and  rectangular;  the  edges  are  twelve,  and  may  vary;  for 
example, 

A  cube  is  bounded  by  six  equal  sides  (the  lateral  sides  being  equal 
to  the  bases),  and  the  twelve  edges  are  all  equal,  fig.  95. 
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A  right  square  prism,  fig.  99,  has  a  square  base  and  a  height  which 
may  be  either  greater  or  less  than  its  breadth*;  its  sides  are  equal 
rectangles,  the  eight  basal  edges  (four  at  each  base)  are  equal  to  each 
other,  but  differ  from  the  four  lateral  edges. 

A  right  rectangular  prism,  fig.  100,  has  a  rectangular  base,  and  sides 
also  rectangular,  the  opposites  only  equal ;  two  edges  at  each  base  di^ 
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for  froni  the  other  two,  while  thp.  luteral  edj^s  are  also  different ;  >ibiio« 
Ihftre  are  three  iete  of  edgee,  four  in  ench  set. 

Tlie  bft«o  may  al^  be  a  rhomb  or  rhomboid. 

A  righi  rhombit:  prism ^  fij^.  101^  hna  a  varying  height  and  a  rhombie 
bate.  Its  plane  aaf^le»  are  two  obtuse  and  two  acute,  with  correspond- 
tng  aoHd  an^leR  and  lateral  ed|;es  ;  the  four  lateral  faces  are  reetaiigl^ 
and,  like  tht^  biinal  edgeft,  an*  cqnaL 
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An  oblique  rhambie  prism,  figs.  102,  103  (fig.  102  a  front  view,  and 
fig.  103  a  side  view) ;  has  a  rhombic  base  and  a  varying  height,  the 
lateral  faces  are  rhomboids.  The  lateral  edges,  like  the  basal  edges, 
have  two  acute  and  two  obtuse  angles.  When  the  height  is  equal  to 
the  breadth  the  form  is : — 

A  rhombohedron,  fig.  98,  composed  of  six  equal  rhombic  faces. 

A  right  rhomboidcU  prism  has  a  rhomboidal  base  and  a  varying 
height,  only  the  two  opposite  sides  and  angles  are  equal,  the  lateral 
rectangular  faces  correspond  to  the  basal  edges ;  the  opposites  only  are 
equal.     This  form  is  similar  to  fig.  101. 

An  oblique  rhomboidal  prism,  fig.  104,  has  a  rhomboidal  base  and  a 
varying  height.  The  lateral  faces  are  rhomboids.  The  edges  of  each 
base  are  of  four  kinds  ;  for  two  opposite  are  longer  than  the  other  two, 
and  of  each  pair,  one  is  obtuse  and  the  other  acute.  In  this  solid, 
therefore,  only  diagonally  opposite  edges  are  similar,  and  only  opposite 
■olid  angles  are  equal. 
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An  hexagonal  prism,  fig.  105,  is  an  erect  six-sided  prism. 
An  octahedron. has  eight  triangular  faces;  its  form  is  like  two  four 
sided  pyramids  united  base  to  base.     Three  octahedrons  are  described 
'  18 
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The  regular  octahedron,  fig.  IOC,  has  a  square  base  and  eight  fncm, 
equilateral  triangles ;  its  solid  angles  are  six,  and  equal,  as  also  are  its 
twelve  edges.  The  plane  angles  are  60^,  the  interfacial  angles  are 
109"  28^  16^^ ;  this  solid  is  symmetrical,  like  the  cube. 

The  right  square  octahedron,  fig.  107,  has  a  square  base,  but  a  Terti- 
cal  height,  greater  or  less  than  in  the  regular  octahedron.  Its  facet 
are  equal  isosceles  triangles.  Its  basal  edges  are  equal  and  similar, 
but  they  differ  in  length  from  the  eight  equal  pyramidal  edges.  The 
vertical  ^lid  angles  differ  from  the  basal 

The  right  rhombic  octahedron,  fig.  108,  has  a  rhombic  base  and  a 
varying  height;  its  faces  are  equal  triangles;  the  basal  edges  are 
equal ;  the  plane  angles  of  the  base  and  the  pyramidal  edges  are  of 
two  kinds,  two  obtuse  and  two  acute. 
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The  rhombic  dodecahedron,  fig.  109,  is  bounded  by  twelve  equal 
rhombs ;  it  has  twenty-four  similar  edges,  and  fourteen  solid  angles ; 
they  are  of  two  kinds :  Eight  obtuse,  formed  by  the  meeting  of  three 
obtuse  plane  angles,  and  six  acute,  formed  by  the  meeting  of  four  acute 
plane  angles. 

154.  Systems  of  crystals. — There  are  six  systems  of  axes,  pro- 
ducing the  same  number  of  systems  of  crystalline  forms,  by  the  sym- 
metrical arrangement  of  planes  about  these  axes.  They  are  called  the 
monometric,  dimetric,  trimetric,  monoclinic,  triclinic,  and  hexagonal 
sjfltems. 

(a)  The  monometric  system  (from  monos,  one,  and  metron,  measure), 
includes  the  cube,  fig.  95,  the  regular  octahedron,  fig.  106,  and  rhombic 
dodecahedron,  fig.  109.    Each  of  these  forms  is  perfectly  symmetrical, 


Note. — In  studying  this  subject,  the  pupil  will  find  it  of  tho  greatest  asfitt- 
ance  to  his  oasj  comprehension  of  the  forms  mentioned,  to  produce  them  with 
a  knife,  from  some  soft  substance  like  a  turnip  or  a  potato,  which  are  more 
easily  managed  than  chalk  or  wood,  and  neater  than  clay.  Sets  of  crystalline 
forms  and  cards,  with  the  outlines  of  the  varions  forms  prepared  for  cutting 
up,  are  fiirnished  cheaply  by  the  German  chemical  dealers,  for  the  uie  of 
schools. 
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•qual  ia  hciglitk  iMgtb,  and  breadth.  Their  axes  are  three  in 
BSflibar,  of  aqoal  lengtii*  and  al  right  angles  to  each  other.  In  the 
eabflb  tke  asm  eoimaet  the  eentree  of  opposite  fooee,  in  the  octahedron, 
Ike  apieea  of  opposifea  solid  angles,  and  in  the  dodecahedron,  the  apioen 
of  oppoaifte  aoQte  solid  angles.  The  relation  of  the  axes  in  these  solids 
to  eaeh  other,  may  be  understood  bj  deriving  one  form  from  the  other. 
If  in  the  cabe  (its  faces  are  indicated  by  o)  we  truncate  each  of  its 
ei|^i  solid  angles,  fig.  110  is  first  prodaoed,  and  as  the  tnuication  pro- 
ceeds, fig.  Ill,  and  finally  a  perfect  octahedron.  It  will  be  noticed  that 
the  centres  of  a,  the  ends  of  the  axes  in  the  cube,  correspond  to  the 
^piosa  of  iha  solid  angles  in  the  octahedron,  which  are  also  the  ends 
ifaiEeo. 

lit 


(6)  The  dimetric  system  (from  dis,  two-fold,  and  matron,  measoro). 
inclades  the  square  prism,  iig.  99,  and  square  octa- 
hedron, fig.  107,  bearing  the  same  relation  to  each  other 
as  the  cube  does  to  the  regular  octahedron.  In  this 
system  there  are  three  axes,  all  at  right  angles  to  each 
other,  but  only  the  two  lateral  are  equal,  the  third,  or 
vertical  axis,  being  of  varying  length.  In  the  prism, 
the  axes  connect  the  centres  of  opposite  faces,  in  the 
octahedron  the  apices  of  opposite  solid  angles.  If  a  square  prism 
has  each  of  its  solid  angles  truncated,  we  shsll  have  first,  fig.  112,  and. 
finally,  the  square  octahedron  is  produced. 

(c)  The  trimetric  system  (from  iris,  three-fold,  and  metnm,  measure), 
ioclndes  the  rectangular  prism,  fig.  100,  the  rhombic  prism,  fig.  101, 
and  the  rhombic  octahedron,  fig.  108.  Each  of  these  forms  has  its 
three  axes  at  right  angles  to  each  other,  and  all  are  unequal  in  length. 
In  a  rectangular  prism  (the  base  a  rectangle),  the  axes  connect  the 
centres  of  opposite  faces.  In  the  rhombic  prism  (base  a  rhomb),  the 
vertical  axis  connects  the  centres  of  the  bases,  the  two  lateral  axes  con- 
Doet  the  centres  of  opposite  edges.  In  the  rhombic  octahedron  (bane 
a  rhomb)  the  axes  connect  the  apices  of  opposite  solid  angles. 

(d)  The  wumodMc  system  (from  monos,  one,  and  Ar/uio,  to  incline), 
\  the  riglit  rhomboidal  pnsm,  fig.  101,  and  the  oblique  rbombic 
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prism,  fig.  102.    In  this  system  the  three  axes  are  unequal,  the  two 

lateral  axes  are  at  right  angles  with  one  another,  the  vertical  is  incline 

to  one  of  the  lateral  axes  and  at  right  angles  with  \\% 

the  other.     In  the  right  rhomhoidal  prism  the  axes 

connect  the  centres  of  opposite  faces.    In  the  oblique 

rhombic  prism  the  vertical  axis  connects  the  centres 

of  the  bases,  and  the  two  lateral  axes,  the  centres  of 

opposite  lateral  edges.    The  truncation  of  the  lateral 

edges  of  one  prism  finally  produces  the  other.     The 

relation  of  these  prisms  to  each  other  is  seen  in  fig.  103. 

(e)  Tht  triclinic  system  (from  triSf  three,  and  klino,  to  inoline), 
includes  the  oblique  rhomboidal  prism,  fig.  104.  All  the  axes  are  un- 
equal and  oblique,  the  vertical  axis  connects  the  centres  of  the  bases : 
the  lateral  axes  connect  the  centres  of  the  lateral  edges. 

(f)  The  hexagonal  system  includes  the  hexagonal 
prism,  fig.  105,  and  rhombohedron,  fig.  114.  In  the 
hexagonal  prism,  fig.  105,  the  vertical  axis  connects 
the  centres  of  the  bases,  the  three  lateral  axes  connect 
the  centres  of  opposite  lateral  facerfor  edges,  and  cross  , 
each  other  at  an  angle  of  GO^,  at  right  angles  to  the 
vertical  axis. 

In  the  rhombohedroD,  two  diagonally  opposite  solid  angles  consiivt  of  tbre« 
equal  obtuse  or  three  equal  acute  plane  angles ;  the  diagonal  connecting  these 
solid  angles  is  called  the  vertical  axis;  placed  with  this  axis  in  a  vertical  posi- 
tion, the  rhombohedron  is  said  to  bo  in  position,  and  looking  from  above,  it 
will  be  noticed  that  the  lateral  edges  arc  at  iin  equal  distance  from  the  vertical 
axis ;  the  three  lateral  axes  connect  the  centres  of  the  lateral  edges  intersecting 
each  other,  a^i  do  the  lateral  axes  of  the  hexagonal  prism,  at  an  angle  of  60^. 
Placing  the  rhombohedron  in  position,  if  we  remove  the  six  lateral  edges,  re- 
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placing  them  by  planes  parallel  to  the  vertical  axis,  there  is 
produced  a  regular  hexagonal  prii>m,  terminated  by  three-sided 
pyramids.  If  their  vertical  solid  angles  are  alij>o  removed  the 
regular  hexagonal  prism  results.  If  we  remove  from  an  hex- 
agonal prism  three  alternate  basal  edges,  and  at  the  other  ex- 
tremity also,  three  edges,  alternating  with  the  first,  as  shown 
in  fig.  115,  and  continue  the  removal  until  the  original  form 
is  obliterated,  a  rhombohedron  is  produced  ;  it  also  results  by 
removing,  in  a  corresponding  manner,  the  alternate  solid 
angles  from  the  hexagonal  prism.  When  the  plane  angles  forming  the  vertical 
solid  angles  are  obtuse,  the  rhombohedron  is  called  obtuse,  and  if  aoate,  the 
solid  is  called  an  acute  rhombohedron. 

155.  Modified  forms. — If  bodies  in  crystallizing  assumed  only  the 
fundamental  forms,  there  would  be  but  comparatively  little  variety 
and  beauty  in  crystalline  solids ;  it  is  to  the  modification  of  the  funda-* 
mental  forms  that  we  owe  that  endless  variety  of  crystalline  figures 


CH  Y^T  JLLLOG  R  APET. 

whiob  we  obt«erv€  lu  nature,  and  tbitt  nr^  pruduced  tn  tho  labornto 
ThvsQ  modified  PjTm^  are  called  secoDdarj  or  derivative  forms ^  mid  i 
prodtioed  hj  the  replacing  of  the  edgea  aod  ^nglea  of  the  faDdatnen 
§armM  hy  pluies^  which  are  called  seeondary  planer.  The  inodifi^ 
tiOBft  of  crjstaU  take  pla«e  ac<^rdlQg  to  two  simple  lawc». 

tft.  AU  ihe  iimilar  part£  of  a  crystal  mat/  be  simijiiane<tHitlt/  and  Jtiffti 
iarly  wtodtfiedl.  The  forma  tlms  resultiug  arv  caHed  hohhedrttl  fonn 
(from  Ask)4^  whole,  aud  tdra,  face). 

2d*  Jittlfike  aimilar  parls  of  a  crystal  mai/  b£  siiititltaneoujtlt/  an* 
timilarly  modified.  The  forms  thus  resulting  ore  eatled  kemikedr^i 
fcinatf  (from  ^emCfa,  halfj  aad  «dr^*face). 

[It  ie  b«^i4iid  the  deaijp  f>^  this  trlQUiQiitary  worh  to  va,Wt  inti^  djotv  dflUU 
eoaewraing  ibo  dtSereiit  gjsKims  of  cryAtidlographj;,  iLod  uf  tdodiBud  rurmi* 
^or  farther  iufarraiktitjn  tbe  ttiidaat  \&  referred  to  Dana'd  A(ititiTaIogj\  fj-uoi 
wbioh,  bj  |>«rmi>i0ioii,  tbb  cbafit^r  faM  beAii  coudetised,] 

156»  CompouDd  crystals, — So  rue  times  we  find  two  or  more  crystalfl 
nnitod  regularly  and  symmetrically  together.  The  form,  if  composed 
of  two  individuals,  is  called  a  twin  crystal.   Fig.  116  is  a  simple  crystal 
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of  gypsum ;  if  it  be  bisected  along  the  imaginary  line  a  b,  and  the 
right  half  be  inverted  and  applied  to  the  other  half,  it  will  form  fig. 
117.    If  an  octahedron,  as  fig.  118,  be  bisected  through  the  dotted  line, 
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.«nd  the  upper  half  revolved  half  way  around  be  then  united  to  the 
lower,  it  produces  fig.  119.    Both  figs.  117  and  119  are  twin  crystals. 
18  • 
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The  iinaginarj  axis,  on  which  the  reYolution  of  half  the  crystal  fs 
made,  is  termed  the  axis  of  revolution  and  the  imaginary  section,  the 
plane  of  revolution.  Compound  crystals,  composed  of  more  than  two 
individuals,  are  frequently  observed,  as  in  the  case  of  the  snow-flake,  a 
not  unusual  form  of  which  is  represented  by  fig.  120,  composed  of  six 
crystals  meeting  at  a  point,  or  of  three  crossing  each  other  at  an  angle 
of  60®.     Fig.  121  represents  a  compound  crystal  of  chrysoberyl. 

157.  Cleavage. — By  the  application  of  mechanical  force  to  crystals 
we  observe  that  they  often  split  in  certain  directions,  leaving  even  and 
polished  surfaces.  The  production  of  such  surfaces,  in  causing  the 
separation  of  the  particles  of  the  crystals,  is  called  their  cleavage;  the 
planes  along  which  the  separation  takes  place  are  called  deavage  Joints, 
Cleavage  is  often  obtained  with  great  ease,  as,  for  example,  with  mica, 
which  may  be  separated  by  means  of  the  fingers  into  thin  leaves. 
Qalena,  also,  cleaves  easily,  and  as  the  three  cleavage  planes  are  at 
right  angles  to  each  other,  a  cube  results.  Calc  spar  splits  in  three 
oblique  directions,  and  thus  a  rhombohedron  is  obtained ;  while  in  fiuor 
spar  a  cleavage  of  its  solid  angles  produces  an  octahedron.  '  The  cleav- 
age of  many  crystals  is  obtained  with  great  difficulty,  as,  for  example, 
in  quartz  and  tourmaline ;  in  others  no  cleavage  can  be  produced, 
owing  to  the  strong  cohesion  among  the  laminsB.  In  some  crystals  but 
one  cleavage  is  visible,  as  with  mica ;  several  have  two ;  others  three, 
OS  galena  and  calc  spar ;  fluor  spar  has  four,  blende  has  six,  while 
others  have  even  more.  We  obtain,  by  the  cleavage  of  a  crystal,  some 
one  of  the  thirteen  fundamental  forms.  Varieties  of  the  same  mineral 
have  the  same  cleavage.  Cleavage  occurs  parallel  to  the  faces  of  the 
fundamental  form,  or  along  the  diagonals ;  the  facility  of  cleavage  and 
lustre  of  the  surfaces  is  always  the  same,  parallel  to  similar  faces. 

158.  Determination  of  crystalline  forma. — In  order  to  determine 
a  crystal,  it  is  essential  to  refer  it  to  the  system  to  which  it  belongs, 
and  to  determine  the  simple  forms  of  which  it  consists,  with  the  rela- 
tive lengths  and  inclination  of  the  axis. 

§3.  Blaaticity. 

159.  Elasticity  of  solids. — Elasticity,  already  mentioned  as  one 
of  the  properties  of  matter,  has  a  peculiar  importance  in  solids,  because 
it  is  itself  a  moving  force,  and  serves  to  measure  the  intensity  of 
other  forces.  All  bodies  offer  a  resistance  to  compression  and  ex- 
tension, which  is  due  to  elasticity.  It  is  shoWti  in  the  effort  of  a  com- 
pressed spring,  or  a  bent  bow,  to  recover  from  its  forced  state  of 
Hexion. 

Tension,  flexure,  and  torsion  are  also  at  once  evidence  and  measaret 
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of  the  foroe  of  el&«tioiiy  in  aoMds ;  while  in  fluids  tsyjnpresHon  ii  j^he  onl^ 
etidenQe  of  it«  preseooe,  and  beof^'e  com pretii^i bill tj  abmc  ie  a  geneml 
property  of  mutter. 

Every  b^>dy  baj*  a  limit  of  daiiieU^  beyond  whicb  it  cannot  be  car- 
ried witbuut  &  permanent  derangement  of  ita  particles,  or  fracture.  A 
prrfecUj  elastic  body  ia  one  wbich  returns  completely  to  its  original 
form  when  pressure  m  removed ;  und  every  body  does  tbis,  eaob  within 
its  own  limit  of  elasticity,  tleuce  every  buly  may,  in  a  restricted  sense, 
tw  ftaid  to  be  perfectly  elastic.  Tbe  return  of  an  elastic  body  to  iu 
primitiTe  poaition  is  u&naJly  uiadQ  with  several  o^cillatiunfii,  callf^d  q9>M- 
Utiiont  of  etojititiiif.  Tbiw  in  familiarly  »een  in  the  recoil  of  a  l^ent  blade 
at  j«pring  of  steel. 

It  ii  cvidcnl  tb«t  in  beading  tbq  atoeJ  ita  mukcoiefl  ure  derangcjd  from  theur 
pofitirtti  of  vqnUibriiitii  by  ^^iDpre»ioti  un  ooe  side  and  6Jctvn«iuD  od  ibo  otbcr, 
and  Ihal  il  b  tbfr  (qrc«  with  which.  th«y  t«Dd  to  replacB  tJbflmflcK'f^i  which  ^to- 
49^m  th«  eluticity  of  the  bl»d«. 

There  is  *  pirailar^  nit  boo  gh  lu*s  pereefitiblp,  change  of  fije^i^  la  i^d  irory  bttll, 
whieh,  dropped  upon  *a  hard  surface,  will  rebound  nearly  to  the  height  from 
which  it  fell.  It  does  not  immediately  recover  its  spherical  shape,  but  is  for 
several  times,  alternately,  an  oblate  and  prolate  spheroid. 

160.  Elasticity  of  tension  and  compression. — By  tension  is  to 
be  understood  the  action  of  a  force  exerted  in  the  direction  of  the  length, 
of  a  wire,  for  example.  The  laws  of  elasticity  of  tension  have  been  ex- 
perimentally'deduced,  by  suspending  w.eights  from  the  lower  end  of  a 
rod  or  wire,  sustained  at  top  by  a  firm  support.  The  elongation  occa- 
sioned by  each  addition  of  weight  is  measured  by  a  telescope  mounted 
on  a  graduated  bar,  parallel  to  the  wire  (the  apparatus  is  called  a 
eathetometer).  If  the  limit  of  elasticity  is  not  passed,  the  rod  or  wire 
returns  to  its  original  length  on  removing  the  weights  ;  but  if  the  strain 
is  continued  too  long,  or  too  great  a  tension  is  brought  to  bear,  a  per- 
manent change  of  length  results.  When  the  limits  of  elasticity  are  not 
passed,  the  following  laws  are  developed  by  this  mode  of  experiment. 

1.  For  the  same  substance  the  elongation  caused  by  each  unit  of  tension 
is  the  same,  whatever  may  have  been  the  original  tension.  Thus,  with  a 
vrire  loaded  with  ten  or  twenty  pounds,  the  elongation  for  each  succes- 
sive pound  is  the  same  as  for  the  first  pound. 

2.  The  elongation  is  proportional  to  the  tension  employed.  This  follows 
from  the  first  law,  and  signifies  that  if  the  rod  or  wire  is  elongated  one 
unit  by  one  pound,  it  will  be  elongated  ten  units  by  ten  pounds,  &c. 

3.  The  elongation  with  a  given  tension  is  proportional  to  the  length  of 
the  rod.  That  is  to  say,  if  a  rod  of  a  given  length  is  elongated  a  unit 
of  length  by  a  given  tension,  a  rod  two  units  long  is  elongated  twice  as 
much  by  the  same  tension. 
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4.  The  elongation  is  inversely  proportional  to  the  area  of  the  section  of 
the  rod.  That  is,  if  of  two  rods  of  the  same  substance,  of  equal  length, 
ond  subject  to  the  same  tension,  one  has  twice  the  area  of  the  other,  it 
will  bo  elongated  only  half  as  much. 

Experiment  has  shown  that  in  the  case  of  the  compression  of  a  metallic 
bar,  or  rod,  in  the  direction  of  its  length,  by  an  endwise  force,  the  bar 
in  shortened  just  as  much  as  it  would  be  lengthened  if  the  same  force 
had  been  used  to  stretch  it.  Hence  the  laws  for  the  elasticity  of  com- 
pression are  quite  the  same  with  those  for  tension. 

These  laws  may  be  demonstrated  mathematically  as  well  as  experi- 
mentally, but  it  is  not  requisite  here  that  we  should  do  more  than 
enunciate  and  illustrate  them. 

IGl.  Coefficient  of  elasticity. — From  the  laws  of  elasticity,  of 
tension,  and  compression,  just  enunciated,  it  follows  that  the  elongation 
(I)  of  a  given  rod  is  proportional  to  a  constant  quantity,  C,  depending 
on  the  nature  of  the  substance ;  secondly,  to  the  weight,  W,  by  which 
it  is  stretched;  thirdly,  to  its  length,  L;  and,  fourthly,  that  it  is 
inversely  proportional  to  the  area  of  its  section,  Si  t.  e. 

l=C.  W.L.^; 


hence. 


Z=C-g-      or     C=^^. 


Putting  K=  -pr  *o  these  equations,  they  become 
I     WTj        ^     lw 

If  in  the  last  equation  we  make  1  =  L,  and  5>  =  1,  it  becomes  K=W, 

The  quantity  K  is  called  the  coefficient  of  elasticity.  In  other  words, 
the  coefficient  of  elasticity,  in  any  homogeneous  substance,  is  equal  to 
the  weight  required  to  double  the  length  of  a  bar  of  that  substance 
having  a  given  area,  assuming  such  an  elongation  physically  possible, 
which  it  is  not,  unless  in  the  case  of  caoutchouc. 

We  are  indebted  to  Wertheim  for  most  of  our  experimental  knowledge 
of  this  subject.  The  following  table  shows  the  mean  coefficient  of  elaa- 
ticity  of  a  number  of  metals,  as  deduced  by  him,  with  various  weights, 
at  different  temperatures,  from  1°  to  392^  Fahrenheit. 


ELASTICITY. 


I -20 


MXTALS.* 


Gold  hammered, 

"     annealed, 
Silrer  hammered, 

'*      annealed, 
Palladiam  hammered, 
Platinum  hammered, 

**  annealed, 

Copper  hammered, 

**        annealed. 
Iron-wire  (ordinary), 

**        annealed. 
Steel-wire  annealed  hlue, 
English  steel-wire  annealed, 
Cast-steel  annealed, 
Berlin-brass  hammered. 


I0-140  F. 

y«iB«  of  K 

bOPY. 

9,351 

8,603 

7,800 

7,411 

10,659 
16,224 

10,289 
15,647 

13,052 

12,200 

17.743 

18,613 

17,690 

18,046 

9,782 

9,005 

5,585         5,408         5,482 

I 
7,140    i     7,274         6,374 


15,518       14,178    ,  12,964    ! 

10,519 

20,794 


9,827  I  7,862  ; 
19,995 
21,877  '  17,700  ' 


18,977 


17,278  '  21,292  |  19,278 
19,661  I  19,014  I  17,926 

I         ! 


An  inspection  of  this  table  shows  that  the  coefficients  of  elasticity  of 
the  metals,  generally  diminish  as  the  temperature  rises  from  1°  to 
302°  F.  But  for  iron  and  steel,  the  coefficients  augment  up  to  212®  F., 
an<i  then  diminish,  until  at  392®  F.,  they  have  the  same  tenacity  as  at 
ctunmon  temperatures. 

Wertheim  has  also  determined  by  experiment  that  the  coefficient  of 
elaj-ticity  in  the  metals  is  increased  by  all  means  which  produce  an 
increase  of  density,  and  decreased  by  the  contrary  means.  lie  found, 
al?»o,  that  the  passage  of  nn  electric  current  in  a  conductor  momentarily 
diminishes  this  coefficient,  independent  of  the  alteration  of  temperature 
produced  by  the  electricity.  In  alloys  the  coefficient  is  nearly  the 
mean  of  the  coefficients  of  the  several  metals  compounded,  even  when 
there  is  a  difference  of  bulk  between  the  mass  of  the  alloy  and  the  sum 
of  its  ingredients. 

162.  Elasticity  of  flexure. — Let  A  B,  fig.  122,  be  a  rectangular 
beam,  fixed  horizontally  by  one  of  its  ends.  If  the  free  end  of  such  a 
beam  is  acted  on  by  any  force  tending  to  bend  it  in  the  direction  B  D^, 
the  bar  will,  in  virtue  of  its  elasticity,  return  again  to  its  horizontal 
position  when  the  flexing  force  ceases  to  act,  after  performing  a  certain 
Dumber  of  oscillations. 

The  elasticity  of  flexure  is  due  chiefly  to  the  united   effect  of  tho 


•  The  rods  employed  in  these  experiments  had  each  a  section  of  oue  square 
millimetre,  and  the  valnes  of  K  are  tho  weights,  in  kilogrammes,  that  would  be 
required  to  stretch  the  rods  to  douhle  their  original  length.  These  valnes,  in 
general,  greatlj  exceed  the  limit  of  elasticity. 
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122 


elasticity  of  tension  and  compression.    For  the  molecules  on  the  upper 

vide  of  the  curve  are  extended,  while  those  on  its  under  side  are  com* 

pressed,  and   the  united   effort  of 

these  two  forces — which  are  equal — 

is  to  restore  the  beam  to  its  first 

position.      The    conversion     of    a  ^^^J^^^^^'S^^^^^^^"*" 

-..;■     -  "TJ' 


straight  line  into  a  curve,  as  in  this 

case,  is  also  accompanied  by  a  dis-  ^ 

turbance  in   the  equilibrium  of  the  molecules,  independent  of  the 

change  due  to  their  separation  and  compression ;  and  such  a  change 

develops  elasticity. 

The  laws  of  elasticity  of  flexure  are  comprised  in  the  following  formaUs  ; 


(1.)  «^ 


or  W= 


Dah^ 


In  which  a  is  the  arc  H  B',  described  by  the  flexure ;  W,  is  the  flexing  weight 
acting  in  a  perpendicular ;  6,  the  horiiontal  breadth  of  the  bar ;  c^  iti  thickneu ; 
I,  the  length  of  the  bar,  and  D,  a  constant  quantity,  depending  on  the  nature  of 
the  substance  used.  If  in  the  above  we  make  each  of  the  quantities  a,  b,  d,  and 
I,  equal  unity,  it  follows  that  D  —  IT,  or  D,  is  a  weight  which  will  bend  a  given 
bar  one  unit  long,  and  of  a  given  diameter  (say  one  centimetre),  through  a  unit 
of  arc  (say  one  degree).  This  quantity,  D,  is  called  the  eoeffieient  of  eltutieity 
of  jiexure,  and  in  any  case  the  value  of  a,  5,  d,  and  /,  being  known  experi- 
mentally, the  value  of  D  is  readily  ascertained  by  calculation. 

If  a  beam  is  supported  at  its  two  extremities.  A,  B,  fig.  123,  and  the  weight  is 
applied  in  the  middle,  the  formula  becomes 

UDabd^ 
(2.)   W=  — J — ,  where  a  is  the  flexure  and  I  the  diitanea 


from  the  supports. 
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The  following  laws  are  deduced  from  the  first  formula : 

1.  The  displacement  of  the  free  end  of  the  bar  is  proportional  to  the 
load. 

This  is  equally  evident  from  the  experiments  of  Coulomb  and  from 
an  analysis  of  the  isochronism  of  the  oscillations  accompanying  the 
effort  to  restore  the  equilibrium. 

2.  The  load  requisite  to  produce  a  given  flexure  %s  propartumai  to  the 
lrcji:Wi  of  the  beam  or  bar. 
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Hub  is  wndimi  if  m  otmaider  a  beam  two  or  three  dmes  m  broad, 
BO«po>ad  af  two  or  tiuoe  eeparate  beams,  each  reqairing  the  eame  load 
as  the  firrt  bar  to  flax  it  through  the  eame  aro. 

Aebmr. 

4.  ne  toad  UinikM  moene  mtio  of  the  cube  of  the  length  of  the  bar. 

If  the  saetioD  of  the  beam  is  not  a  reetangle,  with  one  side  perpen- 
dicular to  the  direction  of  the  flexing  foroe,  these  laws  cannot  be 
directly  applied.  It  is  assomed  in  all  the  cases  that  the  bar  returns  tu 
ita  first  position  whoi  left  to  itself;  or,  in  other  words,  that  the  pressure 
has  not  exceeded  the  limit  of  elasticity. 

AppUoations. — Constant  nse  is  made  of  the  elasticity  of  flexure. 
The  dynauMmieter  of  Reynier  has  already  been  named  (37).  Springs 
of  all  kinds,  lor  balances,  carriages,  tim^ieces,  bows,  to,,  employ  this 
agency.  The  aneroid  barometer  of  Yidi,  and  the  metallic  manometer 
and  thermometer  of  Bonrdon  are  familiar  and  most  useful  applications 
of  this  force. 

163.  M.  Boordon'a  metallic  barometer. — M.  Bourdon,  of  Paris, 
has  applied    the  principle  of  elas-  124 

ticity  of  flexure  to  the  construction 
of  a  metallic  barometer,  which,  with 
great  simplicity  of  construction,  has 
all  the  adyantages  of  the  aneroid. 
The  essential  part  of  the  instrument, 
fig.  124,  consists  of  a  very  thin  and 
elastic  brass  tube,  A,  bent  into  the 
form  of  an  arc  of  a  circle,  whose  cross 
section  is  a  flattened  ellipse,  with 
its  longer  diameter  perpendicular 
to  the  plane  of  currature.  This  tube, 
exhausted  of  air,  and  hermetically 
closed,  is  attached  only  at  its  centre, 
BO  that  the  ends  are  free  to  move. 
With  a  diminished  atmospheric  pres- 
sure, the  ends  separate  from  each  other.  If  the  atmospheric  pressure 
increases,  the  ends  come  nearer  together.  By  means  of  the  metallic 
wires,  a,  5,  and  the  spring,  c,  these  movements  of  the  ends  of  the  tube 
are  communicated  to  a  needle  moving  over  a  graduated  plate. 

The  same  principle  Bourdon  has  applied  to  the  construction  of 
manometers  for  locomotives  and  other  steam-boilers,  which  are  now 
axtSDUTely  used  in  all  countries. 
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164.  The  aneroid  barometer.* — The  construction  of  this  instra- 
meot,  invented  by  Vidi,  of  Paris,  depends  upon  the  elasticity  of  flexore. 
Being  of  small  size,  and  containing  no  ._ 

mercury,  it  is  very  portable,  and  it  gives 

results  sufficiently  accurate  for  all  ordinary 

purposes.    It  consists  of  a  circular  copper 

box,  the  cover  of  which  is  very  thin,  and 

hermetically  sealed,  after  the  air  is  partly 

exhausted  from  its  interior.     This  chest  is 

contained  in  an  outer  case,  fig.  125,  about  I 

four  inches  in  diameter,  and  which  has  a 

dial-plate  like  that  of  a  watch.   Variations 

in   the  pressure  of  the  atmosphere  will 

cause  the  cover  of  the  exhausted  box  to 

move  with  the  change  of   tension.    By 

means  of  a  combination  of  levers  and  springs,  the  movements  of  the 

centre  of  this  cover  are  communicated  to  a  pointer  which  moves  over 

the  graduated  plate. 

Fig.  126  shows  the  interior  construction  of  this  instrument.  To  the  cover  M 
of  the  exhausted  box,  are  attached  two 

uprights,  S,  which  act  upon  a  lever,  P,  126 

by  means  of  a  pin  uniting  them.  This 
lever,  P,  is  attached  to  a  bar,  moving 
freely  on  two  pivots  placed  at  its  ex- 
tremities. A  lever,  B,  unites  the  bar, 
K,  to  the  plate,  A,  pressing  on  two 
springs,  D.  By  means  of  a  spring, 
represented  on  the  side  of  the  figure,  the 
rod  E,  in  connection  with  A,  commu- 
nicates movement  to  the  bent  lever,  H, 
causing  a  metallic  wire  to  uncoil  itself 
from  the  axis,  0,  of  the  pointer,  thus 
transmitting  to  it  the  movement. 

Excellent  aneroid  barometers  are  now  made  at  Lebanon  Spa,  N.  Y.,  by  TBL 
Kendall,  at  a  moderate  cost. 

The  theory  of  the  barometer  and  the  mode  of  observing  atmospheric 
pressure  with  the  aneroid  barometer,  is  explained  in  the  chapter  on 
{[leases. 

165.  Elasticity  of  torsion. — When  a  metallic  rod  or  wire  is  twisted 
by  a  force  applied  at  one  extremity,  while  the  other  remains  fixed,  it 
has  a  constant  tendency  to  return  to  its  first  position,  and  if  the  force 


*  Aneroid  is  derived  from  the  Greek  alpha  (a),  privative,  and  ipt^,  to  flow 
(a  baroQiet«r  without  a  Quid),  in  allusion  to  the  absence  of  quicksilver. 
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md 


n  withdraw ta,  when  lefk  to  ileelf,  tbe  wiie  makes  a  uumbtfr  of  osaillfip 
tiaii«  befare  il  cumea  to  a  slate  of  rest. 

lf«  «Ka  ewiljr  «w»  buw  tortiut)  U  dfiToloped  from  sLuticity,     hH  a  b,  fig.  127, 
bv   a   metatlic  wire,  madij    Ufase   by    a  vtiLj^ht^  W^  nnd  j^i^ 

In  u ted  bj  «  force  &ppli«J  at  d^  aetlog  id  *  uirdi^  of 
wliierb  d  h  i9  the  riLdiui.  Lat  m  a  fvpr«eei)t  o^q  GPlnrgccl 
vlsir  of  «  rtiw  of  iiHii]«4?ul4]Ji  on  tbu  iitrfitce  of  Ujq  wire 
pvtmU^l  lo  ths  mxLs^  If  the  Icdj  of  the  wire  nfmaini 
mshaoipd  do  ring  toraioD^  ojid  i  line  m  n  t4ikei  thoi 
patllSoo  of  tho  »pif»l  111  it'f  il  1A  ev  sot  tli«t  tbe  di«(a)i««i 
WtVMD  tbv  uiolefiiilee  ici  tbi4  litie  .^ast  be  mereascd.  The 
itaatlffitj  of  lorsioD*  theri>fuTe«  dupeii<lfi  upua  ihe  furce 
liltl  irbl^b  lh«  |>»rtit»Iei  lend  to  prefer^e  tU^ir  respec^ti^^e 
dbtsowe  from  ew^li  utbef-  By  tbv  «iuiie  fgrce  with  wbicb 
ih*  ffititveulusi  on  ibe  jmrfnfts  of  the  wire  tend  to  resiit 
leparation^  ihe  moieculcd  in  the  axi«  of  the  wire  are  eom- 
pfMMd,.  «.nd  thrm  i«  a,  ttfndcDej  tu  dimLDisb  tbe  ktigth 
if  IIm  wire*     Toriiuo,  tht^riafDre,  ,a   jeparuLe  the 

noteralei  on  the  MUiiik/to  of  the  id  to  c>oraprci»0 

IhoH  ffltn&ied  in  ibe  mjtm^ 


The  angle  of  toreion  it  the  angular  distaiice, 
dbd\  iJiruugh  which  the  movable  end  oF  the  wire  is 
rotated  aboat  its  axis.  The  force  of  torsion  is  the  power  applied  at  the 
extremity  of  a  lever  whose  length  is  unity,  placed  perpendicular  to 
the  axis  of  the  wire,  to  produce  the  deviation  indicated  by  the  angle 
of  torsion ;  this  force  is  called  the  coefficient  of  torsion. 

166.  Coulomb's  laws  of  torsion.— For  our  knowledge  of  the  laws 
of  torsion  we  are  indebted  to  Coulomb,  .who  has  reduced  these  laws  to 
the  following  formula : 


(1)  t 


=  .tayj, 


y^  ti'a'W 

2^;  or,  (2)    /   =^^. 


When  a  cylindrical  weight,  W,  is  suspended  to  a  wire,  as  shown  in 
fig.  127,  so  that  its  axis  corresponds  with  the  axis  of  the  wire,  W  is  the 
suspended  weight,  a  its  radius,  g  the  accelerating  force  of  gravity  (71), 
/  the  coefficient  of  torsion  for  the  extended  wire,  and  t  the  time  of  an 
oscillation  when  the  force  of  torsion  is  removed,  and  the  wire  is  left 
free  to  vibrate.  The  following  laws  were  deduced  by  Coulomb  from 
the  preceding  formula : 

(1.)   The  force  of  torsion  is  proportional  to  the  angle  of  torsion. 

To  prove  this  law,  Coulomb  caused  the  weight  to  oscillate  around  its  axis  by 
the  torsion  of  Uie  wire,  and  found  that  the  times  of  oscillation  were  the  same 
whatever  their  amplitude.  This  result  corresponds  with  the  formula  in  which 
the  time  of  oscillation  is  independent  of  the  amplitude. 

Based  upon  this  law,  Coulomb  ioTented  a  very  delicate  tortion  balanet  which 
14 
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bears  his  name.  Tbid  instrument  will  be  described  when  speaking  of  its  use  in 
electrical  experiments  (820). 

(2.)  The  force  of  torsion  remains  the  same  whaiever  may  be  the  iension 
of  the  wire. 

Experiments  prove  that  the  squares  of  the  times  of  oscillation  are  proportiooaJ 

W 
to  the  weights  employed,  whence  it  follows  that  -r,  in  formal*  (2),  is  eoDitur 

tr 

whatever  may  be  the  value  of  W,  therefore  it  is  evident  from  the  formula  thst 
the  coefficient  of  torsioui  /,  is  constant^  and  that  the  force  of  torsion  agrees 
with  the  preceding  law. 

(3.)  The  coefficient  of  torsion  is  inversely  proportional  to  the  length  o/ 
the  voire. 

Experiments  prove  that  the  square  of  the  time  of  oscillation  is  proportions!  to 
the  length  of  the  wire,  and  the  formula  shows  that  /  is  inversely  proportions! 
to  l^f  therefore  it  must  also  be  inversely  proportional  to  the  length  of  the  wixe. 

(4.)  The  coefficient  of  torsion  is  proportional  to  (he  fourth  power  of  ikt. 
diameter  of  the  wire. 

According  to  experiment^  the  time  of  oscillation  is  inversely  proporUona!  to 
the  square  of  the  diameter,  and  the  formula  shows  that  the  coefficient  of  torsion 
is  inversely  proportional  to  the  square  of  the  time  of  oscillation,  hence  the 
coefficient  of  torsion  is  proportional  to  the  fourth  power  of  the  diameter  of  the 
wire. 

167.  Torsion  of  rigid  bam. — Savart  found  by  experiment  that  the 
laws  of  Coulomb,  which  had  been  previoasly  determined  for  flexible 
wires  of  cylindrical  form,  were  equally  applicable  to  rigid  bars  of 
brass,  copper,  glass,  or  wood,  whether  the  sections  were  circular, 
square,  rectangular,  or  triangular,  provided  that  comparisons  were 
made  only  between  bars  of  the  same  form. 

More  recently  Poisson  has  demonstrated  these  laws,  in  case  of  cylindrical 
rods,  by  moans  of  the  calculus,  and  M.  Canchy  has  obtained  the  same  result  by 
the  calculus  for  bars  having  a  rectangular  section. 

168.  Limit  of  elasticity. — When  a  wire  or  rod  has  been  stretched 
by  a  weight  which  is  very  great  in  proportion  to  the  diameter  of  the 
wire  or  rod,  the  elongation  and  the  diminution  of  diameter  do  not 
entirely  disappear  when  the  tension  is  removed.  The  bar  is  then  said 
to  have  been /orced,  or  to  have  been  stretched  beyond  its  limit  of  dasti- 
city.  Similar  effects  are  seen  when  elasticity  has  been  developed  by 
compression,  flexion,  or  torsion. 

These  results  are  explained  by  supposing  that  the  molecules  com- 
posing the  wire  or  rod  have  been  forced  into  new  relations  with  each 
other,  so  that  elasticity  no  longer  acts  on  all  the  particles  in  the  same 
direction  as  before,  and  therefore  a  permanent  change  of  form  i« 
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deteloped.  It  follows,  therefore,  that  after  a  rod  or  wire  has  thus  been 
forced,  there  shoald  be  a  new  state  of  elasticity  similar  to  the  first ;  and 
micb  experiment  shows  to  be  the  case. 

If  a  degree  of  tension,  safficient  to  produce  permanent  elongation, 
Mt8  for  a  long  time,  a  rod  will  be  gradually  drawn  out  into  wire. 

K>  Vteat  hM  obflervttd  a  wire,  placed  where  it  was  free  from  aoy  sadden  shock, 
vindsd  by  a  weight  ezoeediog  its  limit  of  elasticity  (equal  to  about  one-third 
v^woald  be  required  to  produce  instantaneous  rupture),  and  which  continued 
te  bs  elongated  for  years  without  attaining  its  limit  of  extension. 

Hiia  plateg  of  glass  or  steel  placed  obliquely,  or  supported  only  at  the  ends, 
vfl^  lAer  a  time,  oontraet  a  permanent  onrrature. 

.  Tbe  limit  of.  ehwtioity  is  rapidly  diminished  by  heat. 

At  (emperatiures  of  &9^  F.,  212<*  F.,  and  392<'  F.,  Wertheim  found  that  the 
liffliU  of  elaetieity  for  copper  yaried  as  the  numbers  3,  2,  1 ;  and  for  platinum 
II 14},  13»  11}.  Annealing  diminishes  the  limits  of  elasticity,  but  Wertheim 
feud  that  a  temperatoie  of  392®  F.  made  no  sensible  difference  in  the  elasticity 
of  those  metals  wfateh  had  been  previously  annealed. 

169.  Change  of  density  produced  by  tension. — In  general, 
metals  that  are  forced  by  excessive  tension  increase  in  density  by  a 
Ifttaral  ^proach  of  their  molecoles,  but  the  contrary  effect  is  produced 
by  tension  in  bars  of  iron  or  lead.  Annealing  restores  the  density  of 
metals  which  have  been  forced  by  tension. 

i  4.  Strength  of  Materials. 

170.  Iiaws  of  tenacity. — The  absolute  strength  or  tenacity  of  a 
» body  is  its  power  of  resisting  a  force  applied  in  the  direction  of  its 

length,  and  tending  to  draw  it  asunder.  The  following  are  the  laws  of 
tenacity : 

Ist.  The  tenacity  of  a  bar^  or  rod,  or  the  resistance  it  is  able  to  sustain, 
is  proportional  to  the  area  of  its  transverse  section. 

2d.  The  tenacity  is  independeiU  of  the  length  of  the  bars. 

The  resistance  which  a  rod  can  sustain  is  evidently  proportional  to  the 
transverse  section  of  the  body,  for  the  cohesion  of  two,  three,  or  four  times  as 
mmaj  particles  must  be  destroyed,  if  the  area  of  the  section  is  increased  two, 
three,  or  four  times.  If  a  wire  supports  a  certain  weight,  two  such  wires,  or 
one  of  double  size  of  the  same  quality,  will  support  a  double  weight.  Tenacity 
is  not  modified  by  length,  except  that  the  probability  of  casual  defects  increases 
with  the  length.  Tenacity  is  measured  experimentally  by  securing  one  end  of 
tbe  body  to  a  fixed  point,  and  banging  gradually  increasing  weights  to  the  other, 
until  it  is  broken.  The  breaking  weight  measures  the  absolute  strength.  To 
eompare  the  strength  of  different  bodies,  we  must  assume  a  unit  of  area ;  the 
one  fuoally  chosen  is  one  square  inch. 

The  following  table  gives  the  absolute  strength  of  some  of  the  more 
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important  bodies,  expressed  in  poands,  for  one  square  inch  area  of  tlie 
transverse  section. 

2d.  Woods  : — 

Sycamore,     ....  9,630 

Birch, 12,225 

Elm, 9,720-rl5,040 

Larch, 12,240 

Oak, 10,307— 25,«1 

Box, 14,210—24.043 

Ash, 13,480—2.3,465 

Pine,     ......  10,038—14,965 

Fir, 6,991—12,876 

8d.  CoBDS : — 

Hemp  twisted,  i  to  1  inch,  .  .  8,746 

"  "       1—3       "  .  .  6,800 

it  «       3_5       «  .  .  5,345 

«  "       5—7    *  «  .  .  4,s66 


let  Mbtals  :— 

Steel  antempered,    . 

110,690—127,094 

"     tempered,   .     . 

114,794—153,741 

"    caat,       .     . 

134,256 

Iron,  bar,  .... 

53,182—  84,611 

"     wire,      .     .     . 

58,730—112,905 

"     caat,      .     .    . 

16.243—  19,464 

Silver,  cast,    .     .     . 

40,997 

Copper,    "... 

20,320—  37,380 

Brass,      "... 

17,947—  19,472 

"      wire,    .     .     . 

47,114—  58,931 

Gold, 20,490—  65,237 

Tin,  cast,   ....  4,736 

Zinc, 2,820 

Lead, 887—     1,824 


Wrought  metals  are  more  tenacious  than  cast,  and  alloys  are  sometimea 
stronger  than  either  of  their  constituents.  The  strength  of  metals,  as  a  rule, 
diminishes  as  they  are  heated ;  and  sudden,  frequent,  and  extreme  changes  of 
temperature  always  impair  tenacity. 

Johnaon's  reaulta. — From  an  extensive  series  of  carefully  oond acted 
experiments,  the  late  Professor  Walter  R.  Johnson  ascertained  that,  if 
either  bars  or  plates  of  malleable  iron  are  subjected  to  a  high  degree  of 
tension,  whilst  heated  to  550°  or  600°  F.,  and  are  then  gradually  cooled, 
the  maximum  tenacity  of  the  iron  is  sensibly  increased  over  fifteen 
(\^^M  P^i*  c®°^*  From  the  maximum  thus  obtained,  the  tenacity 
gradually  diminishes  by  heating,  but  the  tenacity  will  remain  greater  • 
than  before  the  first  heating,  unless  the  temperature  is  raised  above 
700°  F.  (Report  to  Franklin  Institute  on  strength  of  materials  for 
steam-boilers,  1837.) 

The  strength  of  cords  is  in  proportion  to  the  fineness  of  the  strands,  and  also 
to  the  fineness  of  the  flax  or  hemp  fibres  of  which  the  strands  consist  They 
are  weakened  by  overtwisting.  Damp  hempen  cords  are  stronger  than  dry  ones, 
twisted  than  spun,  tarred  than  untarred,  and  unbleached  than  bleached.  Silk 
cords  are  three  times  stronger  than  those  of  flax. 

Tenacity  of  vegetable  and  animal  anbatances. — Woods  are  sub- 
ject to  great  inequalities.  Trees  grown  on  mountains  are  much  stronger  than 
those  of  the  same  kind  from  the  plains. 

Animal  and  vegetable  substances,  converted  from  the  liquid  to  the  solid  stale, 
a9  gums,  varnish,  glue,  Ac,  possess  extraordinary  strength.  Rnmford  fonnd  that 
a  solid  cylinder  of  paper,  glued  together,  whose  sectional  area  was  one  square 
inch,  would  support  30,000  lbs.;  and  a  similar  cylinder  of  hempen  strings,  glued 
together  lengthwise,  supported  92,000  lbs. — a  tenacity  greater  than  that  observed 
in  iron. 

171.  Reaiatance  to  preasore  in  columns. — The  resistance  of  a 
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ooimDa  to  a  TertJcal  force  whieh  tetids  to  crush  it,  depends  on  iU  form, 
iti  sectional  area^  and  its  Keight*  Of  two  columusii  of  the  fi&me  mate- 
rial, having  the  same  form  atid  equal  heights,  the  one  which  hm  the 
larger  sectional  area  will  be  the  itrongert  but  the  exact  ratio  of  increase 
In  stv^tiglb  is  unknown. 

Aceordin^  U>  Euler:  Wh«a  th«  blue  r^malnt  tbe  lamfl,  tbe  Bireo^b  of  a 
eolo^cDb  diiaiaub«9  aa  the  squiLro  of  tho  height;  that  ii^  «h<m  tiie  height  u 
t;r«bJc<lf  tbe  etrengtb  iv  diiiLLiii»hi9d  utDe  Limfti. 

The  r<r«tauiic«  of  a  right  priifi]]  is  in  the  itirerie  r^tia  of  tb«  Bquaru  of  the 
hoight,  »Dtj  dire^tjj  aj  tbe  width,  and  the  tquare  of  tbe  thiokDesi. 

A  priffm,  wbow  h%t^  ia  a  paraUulugram^  Las  le^ss  stre&gtb  than  utifl  of  the  lamo 
height  aod  tolame;  wbo9«  ba»a  i$  a  a<jaarej  atid  th«s  latter  lo«ft  ibim  a  {rylinderr 
of  cqaal  height  and  Tolume., 

A  Bolid  cylinder  reaiais  les^  than  a  bollow  one  of  equal  height  and  mass ;  ^jud 
lutlj*  a  iiaiid  {7j]it]cler  leii  tban  an  equivalent  oone.  A  oolunin  of  oae  piece  ii 
■tronger  than  one  compovvd  of  »0vera]. 

Solid j»  do  not  offer  tbe  smmv  rcflietaqoc  In  &\l  positions  t  etoneii  In  thcr  poaitjon 
•f  their  nataral  bed  are  stronger  than  when  placed  otherwise;  and  wood  is 
■tronger  in  the  direction  of  its  fibres  than  across  them. 

Tbe  strength  of  rectangular  oolnmns  is  directly  as  tbe  product  of  the  longer 
side  of  the  section  into  tbe  cube  of  tbe  shorter  side,  and  inversely  as  tbe  square 
of  tbe  height. 

172.  The  lateral  or  transverse  strength  of  materials  is  their 
power  to  resist  a  breaking  force  applied  at  right  angles  to  their  length. 

Let  ahc,  fig.  128,  be  a  beam  secured  at  one  end,  and  supporting  at 
the  other  extremity  a  weight,  W,  128 

acting  at  right  angles  with  its 
length.  It  is  evident  that  while 
tiie  suspended  weight  tends  to 
produce  extension  and  rupture 
at  the  upper  surface,  a,  the  par- 
ticles at  the  opposite  or  under  ^ 
surface,  o,  will  be  compressed. 
Between  these  two  points  there  will  be  a  certain  plane,  m  n,  called  the 
neutral  aaeis,  where  there  is  neither  extension  nor  compression. 

Suppose  the  power  of  the  beam  to  resist  compression  is  the  same  as 
its  power  of  resisting  extension,  then  the  neutral  axis  will  divide  the 
transverse  section  into  two  equal  parts,  an  area  of  compression  and  an 
area  of  extension.  When  the  fibres  on  the  surface  a  are  extended  to 
their  limit  of  tenacity,  the  fibres  at  o  will  be  compressed  with  an  equal 
force,  while 'no  force  is  exerted  on  the  neutral  axis,  therefore  the  entire 
force  required  to  be  overcome  to  produce  rupture  is  equal  to  one-half 
the  longitudinal  tenacity  of  the  beam.  If  t  represents  the  absolute 
tenacity  of  a  unit  of  area  (See  Table,  J  170),  6  the  breadth  of  the  beam, 
14» 
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and  d  its  depth,  then  the  resistance  to  be  overeome,  J?,  «=  ^Ihd,  The 
effoct  of  the  breaking  force  tends  to  turn  the  section  a  o  about  the  neutnU 
nxin.  The  sum  of  all  the  extending  forces,  128  a 

II  h,  fig.  128  a,  will  be  represented  by  the      .1 
area  of  the  triangle  a  G  a^.   These  forces  h  ^ 


act  at  different  distances  from  the  neutral  g,  { 

axis,  G,  but  their  entire  effect  will  be  the      Bl 

same  as  if  they  were  all  concentrated  at 

the  centre  of  gravity  of  aGa^,  which  is  ^^^ 

at  a  distance  from  G  equal  to  f  a  G  =  V_y 

^ao=  ^d.  The  statical  moment  of  the  extending  force  will  therefore  be 

{tU  X  id  =  ^fthd^. 
The  statical  moment  of  tHe  compressing  force  is  also  ^tbd*.  Hence  die 
sum  of  the  moments  of  the  statical  forces  opposed  to  fracture  is  itbd^. 
To  overcome  this  moment  of  resistance,  the  weight,  W,  acts  at  the  end 
of  the  beam,  the  length  of  which  we  represent  by  I ;  then,  since  at  the 
moment  of  fracture  the  statical  moment  of  the  weight  must  equal  the 
Htatical  moment  of  the  resistance,  we  shall  have 

Wl==i(bd\    or,   W^='-^. 

The  lateral  cohesion  of  the  beam  prevents  the  different  laminae  from  sliding 
on  each  other,  and  thus  tends  to  prevent  fracture,  but  this  element  of  strength 
is  neglected  in  the  preceding  analysis. 

To  find  the  weight  required  to  break  a  beam  supported  at  one  end, 
we  have  the  following — 

Rule  :  Multiply  the  absolute  tenacity  of  a  beam  of  the  same  dimensions, 
by  its  depth,  and  divide  the  product  by  six  times  the  length ;  the  quo- 
tient is  the  weight  su^ended  at  the  extretniiy  required  to  break  the  beam. 

Practical  applications. — To  apply  this  rule  to  practical  purposes, 
it  is  necessary  to  take  into  consideration  the  weight  of  the  beam- itself. 
This  weight  may  be  considered  as  acting  at  its  centre  of  gravity,  con- 
sequently the  strain  produced  by  it  will  be  only  half  as  much  as  if  it 
acted  at  the  extremity  of  the  beam,  we  must  therefore  subtract  from  the 
breaking  weight  one-half  the  weight  of  the  beam.  Galling  the  weight 
of  the  beam  to,  the  formula  becomes, 
,„  tb(P  w 
6/        2 

If  we  would  esitimate  the  load  which  a  beam  can  sustain  without  danger  of 
breaking,  we  must  consider  that  beams,  of  whatever  material  they  may  be 
constructed,  are  liable  to  be  more  or  less  imperfect.  To  afford  security  from 
accident,  it  is  customary  to  estimate  the  working  load  as  only  ^,  |,  or,  .in  i 
cases,  only  y^  part  what  would  be  required  to  produce  fracturo. 
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For  A  cylindrical  beam  supported  at  one  end,  the  breaking  weight,  diminished 
hj  the  weight  of  the  beam  itself,  is 

W  =^ f     r     being  the  radius  of  the  beam. 

For  a  tabe  whoM  external  and  internal  radii  are  r  and  r',  the  breaking  weight 

Will  b« 

--(?-•  )-(T-i)="M-^- 

For  a  jwlaogalaf  tub*  iupported  at  one  end, 

If  ft  T^et&ngular  beam  ta  supported  %i  the  centre^  and  the  weight  ii 
dlvid^    into  two  piirtft,  test'  139 

\u^  upoD  oppoaite  tDtls  of  the 
h^tkm*  Hilt  shown  A,  fig.  129i  we 
inu«  repl:»cp  W»  w^  »»rl  /  in  the 
preoc^iiDg  ftirmula  bj  |W^  ^w, 
ta\4  iL  5tu1tj(ig  ilmm  subBti- 
tk^Qfi,  and  reducing : 


«H^      *» 

ir+5- 


6f 


S  or, 


The  wHght  whi£h  a  heam\ 
can  MuppoH  whitn  it  frais  itjxjn 
ii*  centre^  and  the  tDcighi  t«| 
equally  divided  at  its  exiremi- ' 
ilea,  is  four  times  as  great  as  if  the  beam  were  supported  only  at  one  end, 
and  the  weight  toas  sttspended  from  the  other  end. 

One-half  of  the  heam  is  included  as  a  part  of  the  breaking  weight. 

If  the  beam  is  anpported  at  its  two  extremities,  and  the  weight  is 
suspended  at  the  centre,  as  shown  at  B,  fig.  129,  the  breaking  weight 
will  ohvioaslj  be  the  same  as  the  sum  of  the  two  weights  in  the  pre 
ceding  case. 

If  the  beam  is  secured  at  both  extremities,  as  shown  at  D,  fig.  129, 
and  the  weight  is  placed  at  the  centre,  three  fractures  are  to  be  pro- 
duced simultaneously.  To  produce  the  fracture  at  the  centre  separately 
will  require  the  same  weight  as  in  the  preceding  case,  and  the  fractures 
at  C  and  C^  will  each  require  one-half  as  much  more  force,  while  one- 
half  of  the  weight  of  the  beam  is  to  be  included  Therefore, 
^     w      Stbd* 
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Qaneral  estimato  of  the  strength  of  beaiiis.-^If  the  weight  ii 

evenly  distributed  over  the  whole  beam,  it  will  sappon  twice  as  miiofa 
as  if  the  whole  pressure  were  placed  in  the  centre.  If  a  rectangulsr 
beam  has  two  or  three  times  "the  breadth  of  another,  the  depth  and 
length  being  the  same,  it  will  have  two  or  three  times  the  lateral 
strength;  and  if  the  length  is  increased  two  or  three  times,  other 
things  being  equal,  the  power  of  suspension  will  become  one-half 
or  one-third  respectively.  When  the  length  and  breadth  remain  the 
same,  the  strength  increases  with  the  depth,  but  in  a  higher  pro- 
portion. A  beam  having  the  same  length  and  breadth  as  another,  but 
twice  or  three  times  the  depth,  will  bear  a  four  or  nine  times  greater 
weight.  A  thin  board  or  beam  is  therefore  much  stronger  when  placed 
on  its  edge  than  on  its  side ;  on  this  principle,  the  rafters  and  floor 
timbers  of  buildings  are  made. 

In  round  timber,  the  power  of  suspension  is  in  proportion  to  the 
cubes  of  the  diameters,  and  inversely  as  the  length ;  a  cylinder  whose 
diameter  is  two  or  three  times  greater  than  that  of  another,  will  carry 
a  weight  8  or  27  times  heavier.  The  lateral  strength  of  square  timber 
is  to  that  of  the  tree  whence  it  is  hewn  as  10  :  17  nearly. 

The  strongest  rectangular  beam^that  can  be  sawn  from  a  piece  5f 
round  timber  is  one  whose  breadth  b  equal  to  the  square  root  of  one- 
third  multiplied  by  the  diameter,  and  its  depth  is  equal  to  the  square 
root  of  two-thirds  multiplied  by  the  diameter. 

A  tnbe  is  the  form  which  combines  the  least  weight  of  materials 
with  the  greatest  lateral  strength.  Galileo  was  the  first  who  remarked 
that  the  bones  of  animals,  the  quills  of  birds,  the  stalks  of  plants  which 
bear  a  heavy  weight  of  seed  at  their  summit,  and  other  similar  hollow 
cylinders,  offer  a  much  greater  resistance  than  solid  cylinders  of  the 
some  length,  and  constructed  of  the  same  quantity  of  matter. 

A  round  tube  whose  external  and  internal  diameters  are  to  each 
other  as  10  :  7  has  (according  to  Tredgold)  twice  the  lateral  strength 
of  a  solid  cylinder  containing  the  same  amount  of  material. 

A  rectangular  tube,  whose  height  is  considerably  greater  than  the 
breadth,  will  sustain  a  greater  amount  of  lateral  pressure  than  a  hollow 
cylinder  of  the  same  thickness,  and  containing  the  same  amount  of 
material,  because  a  much  greater  amount  of  material  is  placed  at  a 
remote  distance  from  the  neutral  axis.  Hollow  rectangular  beams  of 
iron  are  used  in  architecture,  and  the  same  form  of  construction  was 
selected  by  Stephenson  for  the  Britannia  and  Victoria  Bridges. 

The  Britannia  Tnbnlar  Bridge,  across  the  Menai  Straits,  is  an 
immense  rectangular  iron  tube,  or  corridor,  17  feet  wide,  22  feet  hi^ 
at  the  ends,  30  feet  at  the  centre,  and  1834  feet  long,  through  wbielr 
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the  English  Western  Railroad  passes  from  Wales  to  the  island  of 
Anglesea,  104  feet  ahove  high  water  mark.  Two  of  the  openings 
between  the  piers  are  each  460  feet,  and  the  other  two  each  230  feet. 
The  ordinary  pressure  of  the  railroad  trains  which  pass  this  bridge 
prod  noes  a  depression  of  merely  one-eighth  of  an  inch,  or  less ;  discerni- 
ble onlj  by  the  aid  of  instruments. 

The  Viotoria  Tubular  Bridge,  for  the  passage  of  the  Grand  Trunk 
Railwaj  across  Uie  St.  Lawrence,  at  Montreal,  is  6600  feet,  or  a  mile 
and  a  quarter  in  length.  It  has  24  openings  of  242  feet  each,  and  a 
centre  span  of  330  feet  The  abutments  are  36  feet,  and  the  central 
piers  60  feet  abore  Bajminer  water.  The  breadth  of  these  immense  iron 
tubes  is  16  feet»  tbe  height  at  the  ends  of  the  bridge  19  feet,  and  at  the 
centre  21  feet  8  inches.  The  tubes  are  constructed  of  boiler  iron, 
▼arjing  from  }■  to  }  an  inch  in  thickness,  strongly  braced  with  lateral 
irons  placed  at  distances  of  from  3  to  6  feet.  The  cost  of  this  stupen- 
dous bridge  was  $7,000,000. 

173.  Idmita  of  magnitude. — The  materials  of  all  structures  must 
support  their  own  weight,  and  therefore  their  available  strength  is  the 
exeesM  only  of  their  absolute  strength  above  what  is  necessary  to  sup- 
port Uiemselves. 

•  When  ali  the  dimensions  of  materials  are  increased,  the  absolute 
strength  augments  as  the  square  of  the  ratio  of  increase,  but  at  the 
same  time,  the  weight  of  the  materials  augments  as  the  cube  of  the 
increase. 

If  the  dimensions  of  a  beam  are  doubled,  it  is  four  times  stronger, 
and  eight  times  heavier;  or  if  its  magnitude  is  multiplied  4  times,  its 
strength  will  be  multiplied  16  times,  and  its  weight  64  times. 

In  consequence  of  unequal  ratio  in  increase,  the  strength  of  a  struc- 
ture of  any  kind  cannot  be  estimated  from  its  model  alone,  which  is 
always  much  stronger  in  proportion  to  its  size  than  the  structure.  In 
enlarging  a  structure,  a  limit  is  soon  reached  at  which  it  has  no  avail- 
able strength,  its  total  absolute  strength  being  required  to  support 
itself;  and  if  this  limit  is  passed,  it  will  fall  to  pieces  by  its  own  weight. 

All  works,  natural  and  artificial,  have  such  limits  of  magnitude  which 
they  cannot  surpass  while  their  materials  remain  the  same. 

In  conformity  to  this  principle^  small  animals  are  stronger  than  large  ones, 
and  insects  and  animalculsB  are  capable  of  feats  of  strength  and  agilitj,  which 
Mem  miraculous  when  translated  into  the  proportions  of  man.  The  operation 
of  the  same  law  may  be  seen  by  comparing  the  unwieldy  movements  of  the 
•leph»Dt  with  tbe  lithe  and  active  tiger,  or  the  easy  motion  of  song-birds,  and 
tbe  arrowy  swoop  of  the  hawk,  with  the  laborious  and  measured  flight  of  the 
■wan,  and  the  condor  of  the  Ande^.  For  the  same  reason,  the  gigantic  saurians, 
whoM^boDM  are  mentioned  by  i^logistf,  had  their  borne  in  the  ooeao,  where. 
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In  modern  times,  are  found  sea-weeds  of  interminable  length,  and  •wim*!*, 
whose  ponderous  mass  would  be  incapable  of  motion,  if  they  were  not  floated 
buoyantly  by  the  element  they  inhabit. 

2  5.  Properties  of  Solids  depending  on  a  permanent  displace- 
ment of  their  Molecules. 

174.  Malleability,  or  the  property  of  being  wrought  under  the 
hammer,  belongs  to  many  of  the  metals  in  an  eminent  degree,  and 
upon  it  their  utility  in  a  great  measure  depends. 

The  following  is  the  order  of  malleability  of  the  principal  metals, 
when  extended  under  the  hammer ;  viz.,  lead,  tin,  gold,  lino,  silver, 
copper,  platinum,  iron.  This  order  represents  the  facility  of  eztenmon 
depending  on  relative  hardness,  but  gold  may  be  beaten  thinner  thstt 
any  other  metal  (compare  J  19). 

The  property  of  extending  into  plates  in  the  rolling-mill  is  somewfiaft 
different  from  the  facility  of  extending  under  the  hammer,  and  is  pos- 
sessed by  the  metals  in  the  following  order;  viz.,  gold,  silver,  copper,  tin« 
lead,  zinc,  platinum,  iron.    Malleability  varies  with  the  temperature. 

Iron  is  most  malleable  when  it  first  attains  a  white  heat,  and  in  that  stats 
huge  masses  of  it  are  taken  from  the  furnace  to  be  forged,  the  metal  yielding 
like  wax  to  the  pressure  of  the  rolling-mill,  or  the  blows  of  the  hammer.  Zine 
is  most  malleable  at  300°  or  400°,  and  lead  and  copper  when  they  are  cold. 
Glass,  which  is  very  brittle  when  cold,  becomes  malleable  at  a  high  temperatore. 
Gold  may  be  hammered  into  leaves  so  thin  that  a  million  of  them  are  less  than  an 
inch  thick.  Metals  lose  their  malleability  by  constant  hammering,  but  recover 
it  again  by  being  heated  and  slowly  cooled — a  process  called  annealing, 

175.  Ductility,  or  the  property  of  being  drawn  into  wire,  must  not 
be  confounded  with  malleability,  for  the  same  metals  are  not  always 
both  ductile  and  malleable,  or  do  not  possess  these  properties  to  an 
equal  extent.    In  general,  ductility  increases  with  the  temperature. 

The  following  is  the  order  of  ductility  in  the  principal  metals ;  viz., 
platinum,  silver,  iron,  copper,  gold,  zinc,  tin,  lead. 

Iron  may  be  drawn  into  the  finest  wire,  but  it  cannot  be  rolled  into  plates  of 
proportional  thinness.  Tin  and  lead  possess  these  qualities  in  the  reverse 
order. 

176.  Hardness  has  no  relation  to  density,  or  the  number  of  particles 
within  a  given  space,  but  depends  only  on  the  nature  of  the  particles, 
their  mutual  arrangement,  and  cohesion. 

The  metals  may  be  scratched  by  glass,  which  is  far  lighter  than  most  of  them, 
and  among  metals,  density  is  not  connected  with  relative  hardness.  Alloys  are 
often  harder  than  either  of  their  constituents,  and  nome  metals,  as  steel,  may 
have  their  hardness  modified  by  heat  at  pleasure. 

The  following  table  gives  the  scale  of  hardness  used  by  mineralsgists, 
oommeDcing  with  UiU^  the  softest  crystalline  solid,  and  ending  with 
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diaaumdf  which  is  esteemed  the  hardest,  since  it  cuts  all  other  bodies, 
boi  flADDot  be  eat  bj  any  hot  itself. 


IXf. 

Snbstanoe. 

De«. 

SubsUoce. 

Tale. 
Gypsum. 
Calo  spar. 
Floor  spar. 
Apatite. 

6 
7 
8 
9 
10 

Feldspar. 

Quartz. 

Topaz. 

Sapphire. 

Diamond. 

The  terms  hard  and  wft  are  seen  by  an  inspection  of  this  table  to 
be  entirely  relative,  since  each  succeeding  body  is  harder  than  the  one 
preceding,  and  vice  yersa,  the  extremes  only  being  respectively  softer 
and  harder  than  all  others. 

We  employ  hardened  steel  to  out  wood,  and  even  iron;  emery  (the  rough 
sapphire)  is  required  to  ent  and  polish  steel  and  glass.  The  diamond,  set  in  a 
staff  of  metal,  is  an  efficient  tool  for  catting  plates  of  glass  into  any  required  size. 
Eren  the  hardest  rocks,  as  porphyry  and  jasper,  are  readily  turned  into  any 
required  form  in  the  lathe,  by  the  use  of  a  diamond  properly  set  aa  a  turning 
tooL 

177.  Brittlenesa. — Bodies  which  are  easily  broken  in  pieces  and 
pulverized  are  said  to  be  hriiile.  Such  are  hard  bodies  generally,  and 
abo  many  highly  elastic  substances. 

178.  Hardening;  Temper;  Annealing. — When  certain  metals  are 
heated  to  redness  or  to  a  higher  temperature,  and  then  arc  suddenly 
cooled,  by  plunging  into  cold  water,  oil,  or  mercury,  they  become  hard, 
brittle,  and  more  elastic  than  before.    This  process  is  called  hardening. 

The  effects  of  this  method  of  hardening  arc  most  important  in  the  case  uf 
steel,  since  it  is  in  yirtue  of  this  quality  that  its  application  to  a  great  variety 
of  purposes  depends. 

When  steel  is  raised  to  a  high  heat  and  slowly  cooled,  it  becomes 
soft,  ductile,  flexible,  and  much  less  elastic  than  before.  This  process 
is  called  softening  or  annealing^  although  the  latter  term  is  more  fre- 
quently employed  to  denote  a  similar  process  of  removing  the  hardness 
prodnced  by  hammering,  and  other  mechanical  means. 

Softened  steel  may  be  hammered,  rolled  into  sheets,  drawn  into  wire, 
or  wrought  into  any  form  required  in  the  arts.  If  hardness  or  great 
elasticity  is  required,  the  steel  is  then  heated  to  redness  and  plunge<l 
into  cold  water,  oil,  mercury,  or  some  other  fluid,  by  which  it  is  rapidly 
cooled.  If,  as  is  generally  the  case,  it  is  then  too  hard  for  the  use  to 
which  it  is  to  be  applied,  a  portion  of  the  hardness  is  removed  by  what 
is  called  drawing  the  temper,  by  heating  to  a  lower  temperature,  and 
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.allowing  the  article  to  cool  gradually.  The  proportion  of  hardneaf 
removed  depends  on  the  temperature  to  which  the  articles  are  heated. 
This  process  of  reheating  and  cooling,  hy  which  the  degree  of  hardness 
is  modified  to  suit  any  special  purpose,  is  called  tempering. 

Colom  of  tempered  ateel.— The  workmen  CMrefolly  obserre  the  eolgr 
of  the  steely  as  it  is  reheated,  and  determine,  ftt>m  the  tint,  when  a  degree  of 
heat  is  obtained  saflloient  to  produce  the  temper  desired.  The  tints  which  cor- 
respond approximately  to  the  different  temperatures  are  as  follows : — 

Light  straw,      428°  F.         Violet  yellow,  509®  Blue,  560® 

Golden  yellow,  446^  Purple  violet,  530<>  Deep  blue,  60S<> 

Orange  yellow,  464®  Feeble  blue,     550®  Sea-green,  626® 

Dies  used  in  coining  require  to  be  made  of  the  hardest  steel.  Files  have  bit 
a  very  little  of  the  hardness  removed  by  tempering.  Raxors  and  fine  cutlery 
are  reheated  to  a  pale  yellow;  penknife  blades  to  a  light  straw  color;  table 
cutlery,  where  flexibility  is  required  more  than  hardness,  is  reheated  to  violet ; 
watch-springs  to  a  full  blue ;  coach-springs  to  a  deep  blue. 

Tempering  by  a  bath. — In  many  manufactories  the  requisite  heat  for 
tempering  is  obtained  by  immersing  the  hardened  steel  articles  in  a  balh  of 
metallic  alloys,  mercury,  or  oil,  the  temperature  of  which  can  be  exactly  regu- 
lated by  a  thermometer.  The  articles  to  be  tempered  are  placed  in  the  bath, 
which  is  then  heated  to  the  required  temperature,  and  then  allowed  to  eool 
slowly.  In  this  way  a  great  number  of  articles  of  the  same  kind  can  be  made 
to  assume  a  uniform  temper  at  small  expense. 

It  is  a  remarkable  property  of  steel  that  when  it  is  heated  to  a  temperature 
that  allows  it  to  begin  to  harden,  by  rapid  cooling  it  receives  its  full  degree  of 
hardness.  It  cannot  be  partially  hardened  at  any  lower  temperature.  A  bar 
of  steel,  heated  at  one  end  while  the  other  remains  cold,  will  be  found,  after 
rapid  cooling,  hardened  at  one  end,  with  a  sharp  line  of  demarkation  between 
the  hard  and  soft  part«.  Where  it  has  been  heated  to  a  temperature  insnifioiieiit 
for  hardening,  and  is  then  rapidly  cooled,  it  is  sensibly  softened. 

Temper  of  glaaa. — Glass  undergoes  the  same  changes  by  tempering 
as  steel.  It  becomes,  by  rapid  cooling,  more  brittle,  harder,  and  less 
dense.  A  specimen  of  glass,  examined  by  Ghevandier  and  Wertheim, 
having  a  density  of  2*513,  acquired  by  annealing  a  density  of  2*523. 
For  hardening  glass  it  is  sufficient  to  allow  it  to  cool  rapidly  in  the 
open  air,  by  moving  it  about.  Glass-ware  is  annealed  by  passing  it 
slowly  through  a  very  long  oven,  called  a  "  leer,"  the  end  whM«  H 
enters  being  nearly  a  red  heat,  and  the  other  extremity  neaiiy  oold. 
Without  the  process  of  annealing,  glass  utensils  would  be  almost 
worthless. 

Prince  Rnpert'a  Drops.— A  beautiftil  illustration  of  the  properties  of 
unannealed  glass  may  be  seen  in  the  scientific  toy  called  Prince  Rupert's  Drops, 
or  Dutch  Tears.  They  are  made  by  dropping  melted  glass  into  water,  by  which 
•neans  it  is  suddenly  cooled  and  becomes  very  hard  and  brittle.    They  have  a 
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1*^  •taI  form  tApcrag  to  a  point  at  one  end,  fig.  130.     The  bodj  of  the 
glaM  drops  will  bear  a  naart  stroke  from  a  hammer  without  break-        130 
ia^  baft  if  a  portion  of  the  analler  end  is  broken  off  the  whole  mau 
wiU  bo  brokoB  into  an  almost  impalpable  powder,  with  a  Tioleni 
•book.    Tho  Bologna  rial  is  another  similar  example. 

Ti>mpgiln8  oopper  and  bronae.— Most  metals  are  acted 
OB  bj  heal  and  cold  in  tiie  same  manner  as  steel,  but  to  1 
iMi  aztenl.  Co|>per  is  a  remarkable  ezoeptioD,  since  its 
propertiee  in  this  veepect  are  exactly  the  reverse  of  those  manifested 
by  itoeL  Wben  copper  is  rapidly  cooled  it  becomes  soft  and  malleable, 
OQft  whan  it  it  dowly  cooled  it  becomes  hard  and  brittle. 

Bronae»  whiok  it  an  alloy  of  copper  and  tin,  undergoes,  by  change 
of  temperatnxe,  the  tame  changes  as  copper,  but  in  a  more  remarkable 
degree. 

A  recent  fractoie  of  bronie,  which  has  been  rapidly  cooled,  presents 
a  yellow  color ;  but  after  it  has  been  slowly  cooled  the  color  is  a  bril- 
liant white,  like  pure  tin.  It  u  thus  evident  that  hardening  and  anneal- 
ing cause  diibrent  arrangements  of  the  particles  of  copper  and  tin  of 
which  the  bronse  is  composed. 

179.  fffammartng. — By  hammering,  the  moleculet  of  many  bodiet 
are  brought  nearer  to  each  other,  so  that  their  density  is  increased. 
By  rolling,  wire-drawing,  extension,  compression,  bending,  twisting, 
or  any  mechanical  means  by  which  the  limits  of  elasticity  are  passed, 
changes  are  effected  similar  to  those  produced  by  hammering. 

Lead  yields  under  the  hammer  or  rolling-mill  without  increasing  its  density, 
but  its  density  may  be  increased  by  compressing  in  dies,  or  in  any  situation 
where  it  has  no  room  to  spread  out  under  the  action  of  the  compressing  force. 

By  sack  mechanical  means  the  physical  properties  of  solid  bodies  undergo 
changes  analogous  to  those  produced  by  tempering.  They  beeome  dense,  tcna- 
eioas,  bard,  brittle,  and  their  limit  of  elasticity  (168)  is  increased,  although  their 
elastie  force  is  unchanged,  as  was  shown  by  Coulomb,  from  the  fact  that  their 
Tibrations  in  either  condition  are  accomplished  in  the  same  time. 

Annealing  restores  the  metals  to  the  same  condition  as  before  they  were  sub- 
Bittod  to  mechanical  force.  Iron  and  platinum  require  to  be  frequenUy  annealed 
during  the  process  of  drawing  into  wire. 

The  ancients  gare  to  the  bronse  plates  of  their  armor  the  necessary  hardness 
by  hammering. 

When  sine  and  iron  bare  been  hardened  by  rolling,  the  tenacity  and  elasticity 
are  not  the  same  in  both  directions  of  the  plates,  and  rolling  does  not  increase 
tbo  tenacity  in  so  great  a  degree-as  drawing  into  wire.  M.  Navier  found  that  a 
rod  of  forged  iron,  baring  a  section  of  one  square  millimetre,  required  to  break 
it  a  weight  of  40  kilogrammes.  When  it  had  been  rolled  into  thin  plates,  a 
■trip  cat  in  the  direction  of  its  length,  haying  the  same  sectional  area,  required 
a  weight  of  41  kilogrammes  to  break  it ;  but  only  36  kilogrammes  if  cut  in  a 
transverse  direction. 

Pino  wire  twisted  into  cables  is  used  to  support  suspension  bridges,  becavFC 
lb 
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inch  cables  are  much  stronger  than  the  same  amoant  of  iron  in  tlie  Ibrai  of  lodi 

or  coarse  wire. 

180.  Changes  of  atmcture,  affecting  the  mechanical  proper- 
ties of  metals,  take  place  spontaneoasly  by  the  lapse  of  time,  or  more 
rapidly  by  the  influeDce  of  heat  or  yibrations. 

These  changes  have  been  principally  obserred  in  iron.  When  this 
metal  is  recently  forged  it  is  very  strong  and  flexible,  and  its  fractore 
is  fibrous  and  of  a  dull  color ;  but  when  it  becomes  old,  or  has  been 
subjected  to  frequent  yibrations,  or  changes  of  temperature,  it  becomes 
hard  and  brittle,  and  its  fracture  is  coarsely  granular,  presenting  many 
brilliant  facets.  This  change,  often  seen  in  the  axles  of  railway  car- 
riages, is  produced  by  vibration  combined  with  the  beat  of  fHction, 
especially  in  the  severe  weather  of  northern  winters.  These  facts,  well 
known  to  engineers  upon  railroads,  explain  the  necessity  of  running 
trains  at  but  moderate  speed  when  the  thermometer  indicates  a  tempe- 
rature near  to  zero. 

Similar  changes,  diminishing  the  tenacity,  take  place  in  chains  and  anchors, 
which  haye  been  for  a  long  time  imbedded  in  ice.  Gay  Lussac  has  obserred  ban 
of  iron,  which  became  almost  as  brittle  as  glass  by  remaining  for  a  long  time 
at  a  high  temperature  in  an  oven. 

Some  curious  results  produced  by  vibration  were  discovered  by 
Savart,  who,  having  caused  strips  of  glass  and  bars  of  metal,  drawn 
into  wire,  to  vibrate  in  the  direction  of  their  length,  found  that  they 
gave  out  at  first  very  indistinct  ^nd  confused  sounds,  but  on  continuing 
the  experiments  for  a  long  time  this  confusion  gave  place  to  clear  and 
distinct  tones,  which  were  obtained  with  ease. 

Brass  wire  strained  like  the  strings  of  a  piano,  where  it  is  exposed 
to  atmospheric  changes  and  constant  vibration  from  currents  of  air,  in 
a  few  months  loses  its  tenacity  and  becomes  completely  friable,  show- 
ing in  its  cross  fracture  a  radiated  structure. 

Annealing  produces  the  same  effect,  in  this  respect,  as  vibration.  Sobsta&oes 
cast  in  the  form  of  plates  do  not  resound  well  until  after  the  lapse  of  several 
days.  Sulphur,  cooled  in  the  form  of  a  disc,  does  not  at  first  g^ve  out  a  clear 
sound,  but  afler  a  time  it  vibrates  readily,  and  after  the  lapse  of  some  months 
the  sound  emitted  is  very  much  changed.  This  proves  that  there  has  been  some 
modification  of  structure. 

i  6.  Collision  of  SoUd  Bodies. 

181.  Motion  communicated  by  collision. —  When  two  solid  bodies 
come  into  collision^  the  motion  is  redistributed  throtigh  them,  whether  one 
or  both  bodies  are  in  motion. 

1.  If  the  bodies  are  sofl  and  tenacious,  or  if  the  shock  is  not  so 
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l^vMi  as  to  otercame  the  tenacity  of  one  or  both  bodies,  th€j  acquire  a 
imifctrm  motioD,  and  move  in  coDti^t  as  one  bodj,  as  fitated  under 
impact^  3  112, 

2.  If  the  bodies  are  bard  and  inelastic,  and  tbe  coUiaton  takes  place 
at  qdIj  a  ^mall  portion  of  the  EiorfacGs,  and  if  the  ehoek  is  eo  great  as  to 
OfttnMHue  the  tenacitj  of  one  or  both  bodies  before  motion  ia  uniformly 
dialiiboted  through  tbe  nia^eo,  thej  will  be  broken  in  pieces,  and  the 
fmgmenta  scattered  in  different  directions. 

S.  If  tbe  bodies  are  m>  elaetio  that  motion  may  be  distributed  through 
the  mass  before  the  limit  of  ela^timty  is  panned ^  a  reaction  will  take 
pkee^  and  the  elasticity  will  modify  the  distribution  of  motion. 

182.  Direct  impact  of  Glaatio  bodies. — When  two  elastic  spheri- 
cal bodies  m  and  m^,  fig.  131,  come  into  collision,  while  moving  in  the 
Bame  straight  line,  they  will  undergo  compression  or  flattening^  as  shown 
in  the  figure,  and  their  centres  will  continue  to  approach  each  other 
ontil  they  acquire  a  coninion  velocity  ill2).    TWia  velocity  is  repre- 

mtt  -\-  mfu^  ,    ^ ,    .        ,        !..•*. 

sented  by  «  = ; 7—,  u  and  w  being  toe  yelocities  before  impact, 

m  4-  «» 

and  X  t^e  common  velocity  of  their  centres  of  gravity  at  the  instant  of 

greatest  compression.   If  the  limit  of  elasticity  has  131 

not  been  passed,  the  elasticity  of  the  two  bodies 

will  now  act  as  an  internal  force,  causing  their  at  > 

centres  of  gravity  to  recede  from  each  other,  until 

the  bodies  recover  their  original  forms,  when  they 

separate,  and  the  shock  terminates. 

183.  ModnluB  of  elasticity. — When  two  elastic  bodies  meet,  the 
force  with  which  they  are  urged  towards  each  other  is  called  the /orc6 
of  eompregsion ;  the  force  of  elasticity  causing  their  centres  to  recede 
during  the  second  interval  of  the  shock  is  called  the  ybrce  of  restitution  ; 
tbe  ratio  of  these  two  forces  is  called  the  modulus  of  eUuticiiy,  When 
this  ratio  is  unity ,^  or  the  force  of  restitution  is  equal  to  the  force  of 
compression,  the  bodies  are  said  to  be  perfectly  elastic.  When  this 
ratio  is  sero,  the  bodies  are  said  to  be  inelastic.  For  any  value  of  this 
ratio,  between  these,  extremes,  the  bodies  are  said  to  be  imperfectly 
eUuiie. 

There  are  no  bodies  known  that  are  perfectly  elastic,  or  perfectly 
inelastic ;  hence,  in  considering  the  collision  of  solid  bodies,  it  is  neces- 
sary to  take  into  account  the  degree  of  elasticity  which  they  possess. 

The  following  table  exhibits  the  degree  of  elasticity  of  several  com- 
mon sabstanoes,  perfect  elasticity  being  taken  as  unity. 
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Degree  of  eUsUdty 

II 

li 

Degree  of  elaetSeit  j. 

Glass,      .... 

0»4 

1  Bell  metal,  .    .    . 

o-er 

Hard-baked  clay. 

0  89 

'Cork,       .... 

o-w 

Ivory,      .... 

0-81 

1  Brass,     .... 

0*41 

Limestone,  .     .     . 

0-79 

Lead,       .... 

0-20 

Steel,  hardened,    . 

0-79 

>  Clay  jast  yielding  ) 
•!     to  the  hand. 

0-17 

Cast-iron,    .     .     . 

0-73 

Steel,  soft,  .     .     . 

067 

ii 

184.  Velocity  of  elaBtic  bodies  after  direct  impact, — If  two 

imperfectly  elastio  bodies,  m  and  mf^  move  in  the  same  straight  line 
.vith  velocities  u  and  u^y  u  being  greater  than  u'^  the  first  body  will 
overtake  and  strike  against  the  second  with  the  same  force  as  if  the 
second  body  were  at  rest,  and  the  first  body  were  moving  with  a  velo- 
city equal  to  ti  —  u^.  The  two  bodies,  being  elastic,  will  suffer  com- 
pression until  they  acquire  a  common  velocity, 

mu  -f  mfu' 

X—  ; 7". 

wi  -f-  *» 

The  velocity  lost  by  m  at  this  instant  will  be  u  —  x,  ^d  the  velocity 
gained  by  m^  vrill  be  a;  —  u^ 

Let  e  be  the  modulus  of  elasticity,  and  v  and  o'  the  velooities  of  the  two  bodies 
ifter  they  recover  their  original  forms  at  the  close  of  the  second  period  of  the 
ihock. 

Since  the  forces  of  compression  and  restitution  are  in  proportion  to  the  velo- 
cities they  generate  or  destroy,  the  velocity  destroyed  in  m  by  the  force  of 
restitution  will  be  e  (u  —  a;),  and  the  velocity  gained  by  m',  by  the  force  of  resti- 
tntion,  will  be  e  (a;  —  «'). 

Hence  the  whole  velocity  lost  by  m  will  be  (1  -f-  «)  (*<  —  ^)»  A>>d  the  whole 
velocity  gained  by  m'  will  be  (1  -f  e)  (x  —  u').  The  velocity  of  m  after  impact 
will  be 

r  =  u  —  (1  -f-  0  (••-«)  =  «•-'(«—  «)•  («) 

The  velocity  of  m*  after  impact  will  be 

r'  =  «'  4-  (1  4-  e)  (X  -  -')  =ar  -f  *(x  -  «')•  (*) 

Substituting  the  value  of  x  in  the  formula  (a)  and  (6),  and  rednoingy  wt 
obtain 

mil  -|-  **»''*'       m'e(M  —  u') 


mu  4-  m'«' 

•'= f- 

m  -f-  w' 


me(«e  —  «') 

m  -f-  *»' 


{•) 


t*\ 


If  the  two  bodies  move  in  opposite  directions  before  impact,  we  most  make 
cither  ti  or  h*  negative  in  the  preceding  formalie.    If  one  of  the  bodies  is  at  fed 
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,  ^  ktOMMt  Mco.    If  •  =  1,  tii«  fonrala  npttteat  (he  eonditioiu 
•r  poftellj  tlaslle  bodi«%  and  if  «  =  0,  the  Ibiwda  wiU  app^  to  iaelutie 


From  (he  prtoediiig  IbnniihB  we  mmy  dedaee  the  foUowiiig  generml 

OODdlUBOlM: 

1.  Jffimo  hodk»  oreperfecUy  ekuHc,  ikeir  relaiim  vdoeUim  hrfore  and 
ajler  impad  are  ike  tome. 

JiAkiBg  •  =:  1  in  (a)  and  {h),  ud  lohtraetinf  the  lattar  froa  the  fbraer,  we 
h*ve^ — 

r  — •'  ^  «'  — •. 

2.  if  Ae  bodieM  an  per/eetfy  eUuHe  amd  tqmU,  Aq^wiU  inierekanffe 

Making  m  =  m',  and  •  ^-  1  in  (e)  and  (<!), 

r  =  K«  +  •')  —  «•  -  «')  =  «'. 
p*  =  «•  +  «')  4- J<«~i,')  = -. 

3.  By  <i^  impact  of  bodies,  whether  elastic  or  otherwise,  no  motion  u 
tost. 

Multiplying  (e)  by  m,  and  {d)  by  m',  and  adding  and  eanoelling  fimilar  terms, 
ve  haTe 

mv  -j-  mV  :=  ew  —  mV, 

in  which  the  fln t  member  of  the  equation  ia  the  enm  of  the  momenta  of  the 
two  bodiee  after  impact,  and  the  second  member  the  sum  of  their  momenta  before 
impact. 

4.  The  vdoeity  which  one  body  communicates  to  another  at  rest,  when 
perfectly  dastie,  is  equal  to  twice  the  velocity  of  the  former,  divided  by  one 
plus  the  ratio  of  the  masses  of  the  two  bodies. 

In  formula  (d)  let  m'       rm,    m'  =  0,    and  «  =^  I,  we  shall  then  obtain 

U 

•'    —/ 

5.  When  a  body  in  motion  strikes  another  equal  body  ai  rest,  both 
bodies  being  perfectly  elastic,  the  first  body  comes  to  a  state  of  rest,  and 
the  second  fives  off  with  the  previous  velocity  of  the  first, 

li  the  two  masses  are  equal,  r       1  in  the  last  formula,  and  v'  =«. 

Sohollnm.— If  a  series  of  perfectly  elastic  balls  are  arranged  in  a 
line,  and  all  are  in  contact  before  impact,  except  the  first,  which  is 
made  to  strike  agunst  the  second,  all  the  balls  except  the  last  will 
remain  in  contact,  and  at  rest,  after  impact^  and  the  last  will  moye  off 
with  the  Telocity  of  the  first 
1R» 
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185.  Transmission  of  shock  through  a  series  of  elastio  bsQsL 
Sxperimental  illustration  of  elastioity. — If  several  equal  iTory 
balls  are  suspended,  as  shown  in  fig. 
132,  when  I  is  drawn  back  to  a,  and 
let  fall  against  2,  only  the  last  in  the 
series,  7,  will  move;  this  will  start 
with  the  velocity  which  1  had  at  the 
instant  of  striking  against  2,  and  it  . 
will  fly  off  to  the  position  b,  at  a  di»> 
tance  equal  to  the  limit  to  which  the  first  bad  been  drawn  back ;  it  will 
then  return  striking  against  6,  which  will  again  be  set  in  motion,  all 
the  others  remaining  at  rest.  This  alternate  movement  of  the  extreme 
halls  of  the  series  will  continue  until  friction,  and  the  resistance  of  the 
air  conspiring  with  the  slightly  imperfect  elasticity  of  the  balls,  at  length 
causes  the  action  to  cease. 


Problems. — Elasticity  of  Tension. 

74.  A  reotangolar  bar  of  iron  wboso  transverse  section  is  one  sqnare  oenti* 
metre,  and  whose  length  is  three  feet,  is  suspended  with  its  apper  extremi^ 
Httached  to  a  firm  support :  what  weight  must  be  suspended  at  its  lower  eztremi^ 
to  cause  a  temporary  elongation  of  one-fourth  of  an  inch  when  the  temperature 
•8  14«  F.,  60*  F.,  212°  F.,  .392°  F.  ? 

This  problem  may  be  solved  for  rods  of  any  of  the  metals  mentioned  in  the 
table  (161). 

75.  A  rectangular  bar  of  hammered  brass  2)  feet  in  length,  suspended  by  its 
upper  extremity,  supports  a  weight  of  75  kilogrammes :  bow  much  will  it  be 
temporarily  elongated  when  the  temperature  is  raised  to  50®  F.  t 

Elasticity  of  FleadVire. 

76.  If  a  beam  10  feet  long,  3  inches  wide,  and  6  inches  in  depth,  Boffen  a 
certain  amount  of  flexure  when  one  end  is  firmly  supported  in  a  wall,  what 
▼eight  will  be  required  to  give  an  equal  flexure  to  another  beam  of  the  same 
naterial,  15  feet  long,  6  inches  wide,  and  9  inches  in  depth  ? 

77.  What  weight  suspended  at  the  middle  of  the  last-mentioned  beam  will  be 
required  to  produce  an  equal  amount  of  flexure  when  the  beam  is  supported  al 
both  ends  ? 

Tenacity. 

78.  How  many  pounds  weight,  suspended  by  a  steel  wire  hanging  vertically, 
will  be  required  to  break  it  when  the  wire  is  one-fourth  of  an  inch  in  diameter  ? 

Calculate  for  both  tempered  and  untempered  steel. 

79.  In  a  pendulum  experiment,  it  is  required  to  suspend  a  weight  of  64  lbs. 
by  a  copper  wire.  What  must  be  the  diameter  of  the  wire,  when,  for  the  sake 
of  security,  |  is  deducted  from  its  strength  as  given  by  the  table  f 

Transverse  Strength. 

80.  If  a  beam  of  oak,  6  inches  wide  by  9  inches  in  depth,  projeote  20  feet 


riF  suLii>s. 


J 


^  will  be  rvquiru'tl  t«>  break  it,  no  accouDt  being  taken  of  tti«?  vtigbt  of  tba 
WD  iUelf  ? 

f  U  What  werghl  will  be  rci]  tilled  to  break  &  rjHuderof  vuH  iron  25  feet  long, 
irisg  ut  ««t«rtiii1  di«tzict«r  af  2  fe<it,  ftDd  au  intQranl  dlam^tfir  ^f  20  lacbeaj  ib« 
iifbt  being  supported  at  ibe  extremity  ? 

S3.  What  wvightj  placed  at  the  centre  0f  the  greater  «pan  of  the  Britannia 
Liboiar  BridjgQ,  wgtild  be  rc^uirvd  to  break  it»  {?aUing  tbe  tread tb  uf  tbe  tube 
'  f«el,  beigbt  SO  feet,  calctilAting  for  a  ain^le  tbicknesi^  j  of  an  iacb  nf  ptat« 
It'll,  and  estimating  the  lenafrity  ui|aal  to  a  furce  of  ^OiODO  IbL  to  the  ftquare 
eht 

i3.  1>ediiGrtif»g  from  tbe  weigbi  funnd  in  tbe  [»*t  problem^  tbe  wdgbt  of  on^- 
llf  Xh*  leugtb  of  tuba  f panning  tbe  grtater  opening,  and  cfitimnting  tbo  work- 
f  load  as  |  tbe  bnakiag  weigbi,  bow  bi]av}r  a  tfain  might  aafelj  uroai  the 
ritannia  Bmtg«? 

M.  Bow  bearer  a  train  may  ^ftfelj  erop<  tbe  Viotoriit  Bridges  (17Sh  if  tbo 
LickaeKf  uf  tbe  t^be  at  the  centre  is  i  an  ineb,  and  Ifp  diFTt^garding  tbe  weight 
'  the  tnbe  itaelf,  th«  train  ii  limited  to  |  the  abiolut<  tcnaeitj  of  tb&  structuro? 
85,  What  weight  ewi  ba  i^natttined  at  tbe  middle  of  the  itrongeist  reciangular 
iAtn  that  can  be  pawn  from  a  birch  log  2  fcot  in  diameter,  and  ^ti  feet  long;, 
Mkooiag  the  weight  of  the  timber  nine-tanthi  that  of  water  ? 

Impact  of  ElaBtic  Bodies. 

8ft.  Two  glass  spheres  weighing  12  oz.  and  7  oz.  respeotiToly,  moTe  in  tbe 
una  direction  with  velocities  of  8  feet  and  5  feet  in  a  second.  Find  the  respeo- 
Te  Telocities  of  the  two  balls  after  impact,  and  their  common  velocity  at  the 
istant  of  greatest  condensation. 

This  problem  may  be  varied  by  substituting  for  glass,  balls  made  of  each 
ibfltanee  whose  degree  of  elasticity  is  given  in  the  table  (183). 

87.  A  perfectly  elastic  body  m,  moving  with  a  velocity  of  12,  impinges  on 
Dother  perfectly  elastic  body,  m',  moving  in  the  opposite  direction  with  a  velo- 
ity  of  5 ;  by  impact  m  loses  one-third  of  its  momentum.  What  are  the  relative 
eights  of  the  masses  m  and  m'  ? 

88.  A  body,  m  (==  3m'),  impinges  on  m'  at  rest.  The  velocity  of  m  after 
npaet  is  }  of  its  velocity  before  impact.  Required  the  value  of  e,  the  modnlns 
f  elasticity. 

89.  Two  bodies  m  and  m',  whose  elasticity  is  §,  moving  in  opposite  directions 
itb  velocities  of  25  and  26  feet  per  second  respectively,  impinge  directly  upon 
aeh  other.     Find  the  distance  between  them  4^  seconds  after  impact 

90.  A  number  of  perfectly  elastic  balls  are  placed  in  a  right  line.  The  first  is 
lade  to  start  with  a  given  velocity ;  determine  the  ratio  of  the  balls  so  that  its 
lomentum  may  be  equally  divided  among  the  remainder. 

91.  An  elastic  ball  falls  from  a  height  of  40  feet.  How  high  will  it  rebound, 
apposing  that  one-fifth  of  the  final  velocity  is  lost  at  the  impact  in  consequence 
f  imperfect  elasticity  ? 

92.  An  ivory  ball  falls  from  an  elevation  of  100  feet  With  what  velocity  must 
nother  similar  ball  be  projected  upward  in  the  same  vertical  line,  that  after 
He  two  balls  meet,  the  first  ball  may  return  to  the  same  elevation  from  which 
ifeU? 


xin 
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li^5.  TianamiaaioQ  of  abode  tbrongli  a  «eriea  of  elastic  baUt. 
Bxperimental  iUuBtratloii  of  elastlcitj. — If  several  equal  itijtj 
l>]ills  lire  aui})eQded,  bs  shown  id  fig,  133 

132,  whou  1  k  drawn  back  U>  d,  and 
let  fall  agaiQst  2,  odIj  the  l&at  in  the 
ecric!^,  7,  irill  move;  tbia  will  start 
with  the  Telocity  which  1  had  at  the 
instant  of  at  ri  king  again  at  2,  and  It 
will  flj  off  to  the  piJsitioD  6,  at  a  di»- 
tanee  equaL  to  the  limit  to  which  the  first  bad  been  drawn  back ;  it  irill 
then  return  striking  agaia^t  0,  which  will  again  be  set  in  moiton,  ill 
the  others  remaiDiag  at  rest,  Thia  alternate  movement  of  the  extreme 
halla  of  the  aeriea  will  continue  until  frietion,  and  the  resiBtance  of  tin 
air  conspiring  with  tbe  c! lightly  imperfect  elaatidtj  of  tht^  balls,  ^t  leagtl 
imuaen  the  audon  to  oe&ee. 


Pjtoblems — Elaaticity  of  Tens  ion. 


I 


or    SULJDS. 


ridl  in  wbkb  il  ii  tecnrvcl,  Tfhni  weigbt  «ti« ponded  ^t  lb«  ^nd,  m  in 
.  bo  required  lf>  brtiik  Lt^  no  ftccoQDt  beiDg  takep  of  tbc  wifigbt  of  »■. 
elf? 

bfti  weight  will  be  rerjuirtrd  to  break  ix  uyJiuder  of  eojt  Iroo  25  ftut  I 
Ml  entcrovt  dJiLiDcterof  2  fect^  aod  ilu  inberaiU  diiLtD«Ur  of  20  inebetj 
HBing  eupported  aL  tbc  fijitremity  ? 

t^M  wtMgbt,  pla<!«d  at  the  ctintrc  of  tbe  greater  flpan  of  thu  BrilannUr 

Bridge^  Vffuld  b«  rvq aired  to  br^uk  it^  f^&lling  tbe  brei^Jtb  of  ihia  tube 

beifbt  30  feel,  ealeulatisg  for  a  i»mgltt  tbi(*kD0«§^  |  of  mu  Inch  of  pla-Ut 

i  eftim^ting  the  t«aft«itj  »qii«l  to  a  fo;»  of  60,0Q0  IbA.  to  tbe  Bqaui 

pdaetio^  frnni  tbv  weigh  L  foimd  iti  tbe  l*«t  problem^  tbe  wdgbt  of  oae^ 
llBgtb  of  tube  spUiDoiDg  tie  gruAt^T  openisg^  and  fviimatiiig  Ibe  work-- 
L  afl  ^  tba  breaking  w^if^bt^  how  heavy  a  traia  migbt  «afe1jr  crois  ihm 
laHridgu? 

ow  btm^y  ft  train  maj  iafcly  croee  tbe  Victoria  BHdge  (172),  if  tbe 
II  of  tbe  tub4£  at  the  ceotre  is  ^  an  mchf  and  if^  dJHregnrding  ttie  wei|fbt 
ibe  itteltfp  thfi  tr^tn  id  limited  to  4  the  ftbioJute  teaaeity  of  tbe  atracturef 
''bat  wi^igbt  entb  he  ru stained  at  the  middle  of  the  ?tronge^t  rect^ngubur 
lat  can  be  aawn  frotu  a  birch  lo|f  2  fi'et  in  diuiiif;t«rt  and  «tD  feet  longi 
ig  the  weight  of  the  timber  nine-tenths  that  of  water  ? 

Impact  of  ElaBtic  Bodies. 

wo  glass  spheres  weighing  12  oz.  and  7  oz.  respectively,  move  in  the 
rection  with  velocities  of  8  feet  and  5  feet  in  a  second.  Find  the  respeo- 
>cities  of  the  two  balls  after  impact,  and  their  common  velocity  at  the 
of  greatest  condensation. 

problem  may  be  varied  by  substituting  for  glass,  balls  made  of  each 
ce  whose  degree  of  elasticity  is  given  in  the  table  (183). 
.  perfectly  elastic  body  m,  moving  with  a  velocity  of  12,  impinges  on 
perfectly  elastic  body,  tn',  moving  in  the  opposite  direction  with  a  velo- 
5 ;  by  impact  m  loses  one- third  of  its  momentum.   What  are  the  relative 

of  the  masses  m  and  m'  ? 

body,  m  {=  3m'),  impinges  on  tn'  at  rest.  The  velocity  of  m  after 
is  }  of  its  velocity  before  impact.  Required  the  value  of  e,  the  modulas 
icity. 

wo  bodies  m  and  m',  whose  elasticity  is  §,  moving  in  opposite  directions 
locities  of  25  and  26  feet  per  second  respectively,  impinge  directly  upon 
ler.     Find  the  distance  between  them  4^  seconds  after  impact. 
.  number  of  perfectly  elastic  balls  are  placed  in  a  right  line.   The  first  if 

•  start  with  a  given  velocity ;  determine  tbe  ratio  of  the  balls  so  that  its 
^m  may  be  equally  divided  among  the  remainder. 

>.n  elastic  ball  falls  from  a  height  of  40  feet.  How  high  will  it  rebound, 
ng  that  one-fifth  of  the  final  velocity  is  lost  at  the  impact  in  consequence 
irfect  elasticity  ? 

.n  ivory  ball  falls  from  an  elevation  of  100  feet.   With  what  velocity  must 
similar  ball  be  projected  upward  in  the  same  vertical  line,  that  after 

•  balls  meet,  the  first  ball  may  return  to  the  same  elevation  fh>m  which 
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185.  Trans  miss  ion  of  shock  through  a  sories  of  elastic  bftUs, 
Experimeatal  iUnstration  of  elaatlcitT',— If  fiererul  equal  It^tj 
h^lh  are  suapended,  us  eh  own  in  fig. 
132,  wlien  1  is  drawn  bivck  to  a,  tuid 
let  full  iigalnst  2,  (*n\y  the  last  m  the 
ecrie!?T  *^^  will  move ;  this  will  start 
n-ith  the  velocity  which  1  had  at  the 
metant  of  striking  against  2,  aod  it 
will  6 J  o?  to  the  poakioa  6,  at  a  di^ 


•  '*  't  >  It  ^* 
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lance  equal  to  the  limit  to  which  the  first  had  been  drmwn  back ;  it  will 
then  return  striking  iigninst  6,  which  will  again^  b«  set  in  motioDi  til 
the  others  remaming  at  rest.  Thi«  alternate  ttn:*vom©nt  of  the  ettreoii 
halls  of  the  aerie!!  wilt  continue  until  friction,  and  the  resietance  of  the 
mr  conspiring  with  the  slightlj  imp«rri>ct  elaailcitj  of  the  ballst  at  length 
amuses  the  action  Ut  cease. 


Pioblems  — Blastlcity  of  TenBion. 


OF  |iUUD*i. 


J 


vsi  ft  wail  io  vrhich  il  is  sflcuredl,  wb^t  weight  Auapeuded  &t  tb«  and,  si  in  fig 
£j^^  Hill  be  r«qutrv4  to  br)i:<Lk  it,  no  M<>oiiut  being  t^ken  of  the  weigbt  of  tbi. 
i«»  it««If  ? 

iL  What  weight  wilt  be  lequirad  Ut  brenh  a  cjlmderaf  va^t  )r<>})  2^  foet  I( 
kTiDg  UQ  eit«rnaL  dmmclcr  of  2  fc«t,  and  an  internal  diameter  of  SO  in?b«9, 
eijifht  being  sup|iurted  at  Uie  c^jitrtiniit;  ? 

S3*  What  w(^igbt,  placed  at  tbe  centre  <jf  the  ^eater  «pan  of  the  Britanni* 
ubnlar  Brirlge^  wcmld  be  required  to  brtak  it,  oallttig  ibe  breadth  of  the  tube 
r  fact,  beifbi  ^Q  f««t,  ehJcuiatJiig  fur  a  single  lhtekn«Ait  J  of  an  in  eh  fif  pia(4? 
ion,  *cd  «liawtiAg  th«  t«naf?ity  vqaal  to  a  fvrtM  of  AOpf^OO  lb«-  to  the  square 
lehF 

S3«  Dedaetiog  from  ibe  weigbt  fcmnd  in  the  lajif  probletn^  the  weight  of  on^- 
alf  the  lecgtb  of  tube  spanning  ibo  i^rvat^r  opening,  and  estimating  tbe  work- 
if  load  a<i  ^  the  bteakiug  weight,  how  htiavj  a  train  tuigbt  aafely  isroia  tba 
Titan  om  fi  ridge  ? 

8A.  How  hvary  a  train  may  eafuij  crosi  Ibe  Victoria  Bridge  (172)^  if  tb« 
uekneiij  of  the  tnbu  at  thu  uentre  is  ^  an  incbj  and  if,  di^ref^arding  tbe  weight 
f  the  iftbe  itseif,  tbd  train  ia  limited  to  k  the  abeolnte  ttnactij  of  tbe  itrnelar^  ? 

£^.  Wbat  weight  eon  bo  #uetaitied  at  the  middle  of  tbe  etrongeet  reetaDgulax 
aam  that  can  hm  Bawn  from  a  biroh  log  2  feet  in  diameter,  and  30  feet  long, 
KjiODing  the  waight  of  the  timber  njn0'tenth«  ihtX  of  wat«r  p 

Impact  of  Elastic  Bodies. 

8ft.  Two  glass  spheres  weighing  12  oz.  and  7  oz.  respectively,  move  in  the 
ame  direction  with  velocities  of  8  feet  and  5  feet  in  a  second.  Find  the  respec- 
ive  velocities  of  the  two  balls  after  impact,  and  their  common  velocity  at  the 
istant  of  greatest  condensation. 

This  problem  may  be  varied  by  substituting  for  glass,  balls  made  of  each 
abatance  whose  degree  of  elasticity  is  given  in  the  table  (183). 

87.  A  perfectly  elastic  body  ni,  moving  with  a  velocity  of  12,  impinges  on 
nether  perfectly  elastic  body,  m',  moving  in  the  opposite  direction  with  a  velo- 
ity  of  5 ;  by  impact  m  loses  one-third  of  its  momentum.  What  are  the  relative 
reights  of  the  masses  m  and  m'  ? 

88.  A  body,  m  (=  8»»'),  impinges  on  m'  at  rest.  The  velocity  of  m  after 
oapact  is  }  of  its  velocity  before  impact.  Required  the  value  of  e,  the  modnlns 
f  elasticity. 

89.  Two  bodies  m  and  m',  whose  elasticity  is  |,  moving  in  opposite  directions 
rith  velocities  of  25  and  26  feet  per  second  respectively,  impinge  directly  upon 
aeh  other.     Find  the  distance  between  them  4^  seconds  after  impact 

90.  A  number  of  perfectly  elastic  balls  are  placed  in  a  right  line.  The  first  if 
aade  to  start  with  a  given  velocity ;  determine  the  ratio  of  the  balls  so  that  i(s 
momentum  may  be  equally  divided  among  the  remainder. 

91.  An  elastic  ball  falls  from  a  height  of  40  feet.  How  high  will  it  rebound, 
apposing  that  one-fifth  of  the  final  velocity  is  lost  at  the  impact  in  consequence 
f  imperfect  elasticity  ? 

92.  An  ivory  ball  falls  from  an  elevation  of  100  feet.  With  what  velocity  must 
nother  similar  ball  be  projected  upward  in  the  same  vertical  line,  that  after 
he  two  balls  meet,  the  first  ball  may  return  to  the  same  elevation  ft>om  which 
tfell7 
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In  I) eight,  mount e<I  tm  u  stand  \.  the  upp6r  part  h  at^cart  aiy  closi^  by  a 

brti«»  c£ipi  tbrou]ij;h  \rbich  |iuii!^ii  tt)e  funnel  tub^^  R,  to  g^pplv  the  vei^t^ul 

with   wu^er,  GUjtl  ft  t'jlindisr,  fur  Dished  with  a  pUton^  moving  bj  the 

screw  P.     In  the  interior  is  a  veiisel  A^  containing  the  liquid  ti>  l»e 

ecfmprfl,s^(^,  having  a  cftpillnry  tube  a|  iU  upper  part,  wJiicb  iHind,-*  and 

de«e«Dds  tu  the  meruurj  O,  c      jLuiud  in  the  l^wt^r  part  uf  the  vo«?ieh 

Thist  capilUrj   tube  ii   subd      kd   itit^i  t%^ 

L^^iual    part0f   and    the   DumbL.   of  these 

\mru  ibe  ve!4:^«)  A  can  Cfmlaiti,  is  aecu* 

rately  deterroined*     There  is  alwo  in  the 

ioterioT  of  the  cylinder,  a  tube  of  glai^»« 

B.  furniBbed  with  a  graduated  scale^  C ; 

(his  tube  is  cl^^Ked  at  tte  upper  end,  and 

tins  ita  lower  end  immereed  ixi  the  tner- 

eiirj,  O.     Thla  tube   is   called   a  Enano- 

meter  (2fi0),  und  i^,  when  at  rest,  nearly 

filled  with  air. 

Id  orii^r  to  eKperim^tit  with  tht«  xippiiirmtu^, 
fill  th«  vet^^t.  A,  with  ih^  liquid  to  be  com- 
pfcdiiod,  and  bj  meimj)  of  tbo  fanDel,  R^  fill 
the  cylinder  witfa  watcf;,  faAvlng  [.iruviuufllj 
pliueed  tncTCury  in  ii»  lower  part  Turning 
tbo  icrew^  P,  tbe  pisluti  de»e«tid«  -.  In  ^tme- 
qaeaec*  tbci  A\r  in  tbe  tabe,  B,  i«  eompreflBBd, 
atid  Iho  mercury  is  d orated  ;  tbe  degree  oT 
fi'leirftUtirEi  shawa  the  amoant  of  prcaisure ;  at 
the  »»ma  time,  the  mere  1117  riie*  in  Lha  eapiU 
la^ry  tub*,  atid  gUt}9  thfl  moasurQ  of  the  com- 
pr^iflton  of  tb«  liquid  id  A. 

Supposing  each  diYieion  of  the  cApillarj 
tube  held  but  a  millionth  part  as  much  as 
the  vessel  A,  then  if  the  liquid  to  be  com- 
pressed was  water  (at  the  pressure  of  one  atmosphere),  we  shoald 
observe  the  mercury  to  rise  between  49  and  50  divisions. 

There  is  one  correction  to  be  made  in  the  observations  obtained  by 
this  instrument ;  it  might  be  supposed  that  the  capacity  of  A  would  l>e 
invariable,  the  exterior  and  interior  walls  being  compressed  equally  by 
the  liquid,  but  it  is  not  so;  the  interior  capacity  of  the  vase  undergoes 
the  same  diminution  as  would  a  body  of  glass  of  the  same  form  and 
volume,  submitted  to  the  same  pressure.  This  diminution  amounts 
to  about  33  ten  millionths  (rv.irii.vinr)*  ^^  ^^^  primitive  volume,  fof 
•ach  atmosphere  of  pressure. 

This  quantity  can  be  calculated  in  any  case,  as  well  for  glass  as  foi 
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1,     maTINOUlSHING    FROPERTIBS  OF    tlQlTIBS. 

1 B6 .  De  fi  n  1  tlona . — Fl  ui  dt — H^rdr od jnanUcfl. — Fluids  are  bodi 
in  ^hich  ttie  tLttruL'tive  and  repulsive  forces  (14())  are,  1st,  eitlier  in  pe 
feet  equnihrium,  producing  liquids  or  ineloMic  iuids ;  or  2d,  m  wbi< 
the  repulsive  force  holds  awflj,  producing  ga^^  or  elastic  fluids* 

Jlydrodf/namics  treats  of  the  peculiar] ties  of  state  and  motion  mmoi 
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11,   TRA:?vsaissi07f  of  fimssure  rv  liquids, 
489.  Xiiqnida  tnmamit  pre8itir#  equaUj  in  all  dtrfiotions, — 
Liquids  tratumii  in  aii  direeiioits,  atid  milh  the  same  inieji^^^  tht  pres* 
mire  taetried  on  an^  point  of  their  ma»$, 

Thv§  itfiportaot  theorem  wan  (irfit  cleftHy  unnouDc^d  by  B.  PuKcal, 
L«l  fif^.  134  he  ^  \en»el  filM  wi  a  liquid,  and  fummbed  with  a  num- 
bcx  of  ^u&l  cjUodcrSf  tu  eacb  l  which  Is  a  welUBtting  pisU^n.  Tha 
,  ftnd  liquid  ara  both  o^^ut  ed  to  be  without  weight,  consequently 
I  of  th«  pistons  hayo  any  teiideocy  to  move.  If  preaaure  ia  applied 
to  ibe  pislon  A^  it  will  be  forced  iowanb,  and  the  other  piatons  B,  C,  D^ 
And  £r  ^f  tqual  area,  will  each  f>o  forced  outwards  with  the  same  prusr 
vQTej,  eo  that  if  the  piston  A  was  presised  inwai^s  with  a  force  of  one  pound, 
xi  would  be  found  necesaary  to  apply  a  force  1*^4 

ai  onn  pound  to  eauh  of  the  other  plstonci, 

in  ofder  to  keep  tliem  in  their  place.     If 

the  area  of  fi  and  C  was  two  or  three  times 

thai  of  Af  then  the  preaaure  upon  thetn 

woald  be  two  or  three  times  an  great.    We 

taonot  perfectly  demonstrate,  that  liquids 

traoamit  pressure  equalttf  in  all  directions 

(beeaut^  we  cannot  obtain  for  experiment, 

w  would   be  neceeaary,   liquidt  without 

weight,  and  piatons  working  without  frio- 

tion),  but  that  this  pressare  is  exerted  in  all  directions,  is  shown  by  the 

simple  apparatus,  fig.  135,  consisting  of  a  cylinder,  furnished  with  a 

piston  and  terminated  by  a  sphere;  on  this 

sphere  are  placed  small  tubes,  jatting  oat  in 

all  directions;    upon  filling   the  sphere  and 

cylinder  with  water,  and  pressing  upon  the 

piston,  the  water  is  forced  out  from  each  of  the 

jets  with  equal  energy.    This  is  a  necessary 

consequence  of  the  mechanical  constitution  of 

Hquids  (187). 
Let  A  represent  the  area  of  any  portion  of 

the  inner  surface  of  a  vessel,  and  A^  that  of  any 

other  portion  of  the  same  vessel,  while  P  and 

P^  are  the  pressures  exerted  on  these  surfaces 

respectively  by  any  force  of  compression  on 

the  liquid,  and  we  have 

PiP'^A'.A^ 
It  also  follows  that  this  expression  represents  correctly  the  pressure 
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copper  and  brass  (the  three  materials  used  in  the  improved  piezometer 
of  Kegnault),  from  the  known  elongation  of  rods  of  these  substances 
at  the  same  tension,  according  to  the  laws  of  Wertheim  (160).  M. 
Grassi  (Ann.  de  Chimie  et  Phys,,  3*  S^rie.  Ibm.  XXXI.,  p.  437)  has 
lately  revised  the  results  of  Oersted,  Canton,  and  of  Messrs.  Colladon  and 
Sturm,  on  a  great  number  of  liquids,  and  at  different  temperatures. 
The  compressibility  of  water  diminishes  with  increasing  temperatares. 
On  the  other  hand,  heat  increases  the  compressibility  of  alcohol,  ether, 
chloroform,  and  wood  spirit. 

Salt  or  sulphuric  acid  diminishes  the  compressibility  of  water  in  pro- 
portion to  the  quantity  dissolved,  but  for  a  given  density  these  solu- 
tions obey  the  same  order  as  pure  water. 

Grassi's  principal  results  are  given  in  the  following  table,  the  com' 
pressibility  being  parts  in  a  million  at  a  pressure  of  one  atmosphere : 


Liquid!  UMd. 

T«Bp«r«tar«. 

riU— IttotlBM. 

Mercury, 

Water, 

Do 

Do 

Ether,       

Do 

Alcohol, 

Do 

Wood  spirit,       .    .    . 

Chloroform,  .... 

Do 

32°  F. 
32° 
77° 
128° 
32° 
57° 
45° 
55i° 
56° 
47° 
54° 

0-000,00295 

0000,050-3 

0  000,045-6 

0000,044-1 

0000,111-0 

0000,140-0 

0-000,082-8 

0-000,090-4 

0-000,091.3 

0-000,062-5 

0000,064-8 

3*408 
1-580 
2302 
1-570 

1-309 

It  appears,  that  of  all  liquids  tried,  mercury  has  the  least,  and  ether 
the  greatest,  ratio  of  compressibility.  The  pressures  were  carried  to 
the  great  extent  of  220  atmospheres. 

Elasticity. — It  is  hardly  requisite  to  remark  that  the  return  of  com- 
pressed liquids  to  their  original  bulk,  on  removal  of  pressure,  is  proof 
of  an  elastic  force  in  them  equal  to  their  ratio  of  compressibility. 

Conseqaenoea. — It  follows  from  what  has  been  said, — 

First.  That  the  molecules  of  liquids,  owing  to  the  entire  freedom  of 
motion  among  themselves,  are  in  equilibrium. 

Second.  That  liquids  possess  perfect  elasticity,  and  a  slight  degree  of 
oom*)ressibility. 

Let  us  now  farther  consider  the  necessary  consequences  of  these  mechanical 
conditions  of  liquids,  both  independent  of  gravity,  and  also  with  reference  to 
that  force. 
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IL    TBAM8M USIOir  OF  PRI88URI  IN  LIQUIDS. 

489.  Uquids  tnuumit  pressure  equally  in  all  directions. — 
LtquitU  inuumii  in  M  direetitnu,  and  wiik  the  tame  inUnsUy,  ike  prt»- 
sure  aoariei  on  any  poitU  of  their  mass. 

This  important  theorem  wss  first  clearly  anDOODced  by  B.  Pascal. 
Let  fig.  134  be  a  vessel  filled  with  a  liquid,  and  furnished  with  a  num- 
ber of  equal  cylinders,  in  each  of  which  is  a  well-fitting  piston.  The 
vessel  and  liquid  are  both  assumed  to  be  without  weight,  consequently 
none  of  the  pistons  have  any  tendency  to  move.  If  pressure  is  applied 
to  the  piston  A,  it  will  be  forced  inwards,  and  the  other  pistons  B,  C,  D, 
And  £,  of  equal  area,  will  each  be  forced  outwards  with  the  same  pres- 
rare,  so  that  if  the  piston  A  was  pressed  inwards  with  a  force  of  one  pound, 
it  would  be  found  necessary  to  apply  a  force  1S4 

of  one  pound  to  each  of  tiie  other  pistonp, 
m  order  to  keep  them  in  their  place.  If 
the  area  of  B  and  C  was  two  or  three  times 
that  of  A,  then  the  pressure  upon  them 
would  be  two  or  three  times  as  great  We 
cannot  perfectly  demonstrate,  that  liquids 
transmit  pressure  equally  in  all  directions 
(bccauKe  we  cannot  obtain  for  experiment, 
as  would  be  necessary,  liquids  without 
weiglit,  and  pistons  working  without  fric- 
tion), but  that  this  pressure  is  exerted  in  all  directions,  is  6hr)wn  by  the 
simple  apparatus,  fig.  135,  consisting  of  a  cylinder,  furnished  with  a 
piston  and  terminated  by  a  sphere;  on  this 
sphere  are  placed  small  tubes,  jutting  out  in 
all  directions;  upon  filling  the  sphere  and 
cylinder  with  water,  and  pressing  upon  the 
pbton,  the  water  is  forced  out  from  each  of  the 
jets  with  equal  energy.  This  is  a  necessary 
consequence  of  the  mechanical  constitution  of 
Hquids  (187). 

Let  A  represent  the  area  of  any  portion  of 
the  inner  surface  of  a  vessel,  and  A^  that  of  any 
other  portion  of  the  same  vessel,  while  P  and 
P^  are  the  pressures  exerted  on  these  surfaces 
respectively  by  any  force  of  compression  on 
the  liquid,  and  we  have 

P:P'  =  A:A\ 

It  also  follows  that  this  expression  represents  correctly  the  pressure 
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exerted  on  any  solid  body  plunged  in  the  liquid,  as  well  as  for  any  part 
of  the  sectional  area  of  the  liquid  itself.     Hence : — 

The  entire  pressure  susiaiiied  by  any  surface  is  proportional  to  its  area, 
''and  thus/'  says  Pascal  in  his  Treatise  on  the  Equilibrium  of  Fluids^ 
it  appears  that  a  vessel  full  of  water  is  a  new  Principle  in  Mechanics, 
and  a  new  Machine  which  will  multiply  force  to  any  degree  we  choose." 
Pascal  also  referred  the  equilibrium  of  fluids  to  the  principle  of  virtual 
velocities  which  regulates  the  equilibrium  of  other  machines  (105). 

190.  The  Bramah  Hydrostatio  Press. — This  powerful  apparatui 
depends  upon  the  principle  just  announced. 
Want  of  good  workmanship  alone  prevented 
Pascal  from  realizing  his  conception  of  this 
machine  (in  1653),  as  was  long  afterwards 
(a.d.  1796),  done  by  Bramah,  at  London. 

As  the  form  of  the  vessel  has  no  influence 
on  the  e<(ual  transmission  of  pressures,  and 
the  point  of  application  of  force  may  be 
situated  at  any  convenient  distance  from  the 
press,  it  is  plain  that  the  mechanician  can  use 
this  principle  as  circumstances  demand.  Thus,  in  fi^.  136,  the  piston  a 
may  be  to  the  Inrj^or  one  6  c  as  1  :  20,  and  hence  a  pressure  uf  one  pound 

137 


ex ©f ted  on  a  will  raise  b  c  with  a  force  of  twenty  pounds,  and  conversely 
BDj  pressure  exerted  on  6  c  will  be  diminished  twenty  fold  at  a. 
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Ikuln  puiM  of  tha  Brun>li  bjdro«Utis  prw^  if*  UT.  eouin  of  a  iba*! 
r^nVf-^pwDjii  At  in  «lii«b  U  u.  pbtoa  vork«d  b/  *  Irrer.  Tbu  pamp  commsa.. 
mm  wish  A  laiup  juid  ttrodf  ejlindneal  roerrdir,  B^  W  a  uib«  u»diea;«ri  ov  :.« 
'NM  Uhi  in  the  flgiuf«,  Li  Ihit  cjliuder  a  vaicr-tigkt  pbtoo  S'^re*.  t^^rr.^ 
■ibrqp«r  end  ■  flat  metallb  platc^  twlwccn  vkielt  asd  ibc  top  of  Urc  fraxue, 
IV  lit  nbilaii««,  H,  to  b«  «oiiif^re«A»d,  u  placed. 

1W  fljlimltra  an  1lll«d  bj  iaeati«  of  lb«  cnrrcd  Ittbt  H,  one  cod  of  whirb 
mti  ifl  a  raMel  coQlaioiog^  water,  or  oil,  tbe  other  terminatw  in  the  barrti  A, 
iAd  hat  a  ralre  at  ili  end  openiDg  npvardf.  Tbit  raJre  opea«  vhea  the  pitt^z. 
u  r^i^^^ii],  th*M  ilrsiiriTiir  in  wth^r.  mtyA  *■!"**»«  *rh*^'  'i^*  r^i-^oD  deMC&<li.  Br 
vorkiag  the  piston,  the  barrels  A  and  B  are  eompletelj  tiled  vith  vater.  Tb« 
ofifice  0  is  In  conneetion  with  a  stop-eoek,  bj  which  the  water  can  be  drawn 
of  when  the  pressure  is  to  be  reduced. 

If  the  ejlinder  B  has  an  area  of  200  square  inches,  and  the  small  cyiin'icr  &n 
sraa  of  hair  a  square  inch,  the  pressure  of  the  water  on  the  putwn  aborc  B.  mill 
be  400  times  that  applied  at  the  lerer.  But  let  the  arm*  of  the  lerer  be  to  each 
other  as  one  to  iflj,  then  when  a  force  of  flUj  pounds  is  applied  at  the  Ion; 
arBf  the  piaton  will  deseend  with  a  force  of  2d00  pounds  [54t  X  ^  =  2^^>, 
ssd  there  will  be  exerted,  theoretieallj,  a  force  of  1.000,000  p«^jDd«  upon  the 
piiton  in  B  (50  X  ^0  X  ^^^  =  1.000,0(10  j,  or,  dcducUD;:  oDefoarth  fvr  ihe  l.-i§ 
occasioned  by  the  difTerent  impediments  to  motion,  a  man  would  eiili  be  abl«  w 
exert  a  force  of  750,000  pounds. 

This  enorDious  result  is  gained,  of  course,  verj  slowlv,  in  acc^rlanoe 
^-ith  the  well-known  relation  of  power  to  weight  {i(JO). 

Uses  in  the  arts. — The  hydrostatic  (often  called  kydmulir)  preri  U  of 
extensive  use  in  the  industrial  arts.  It  is  employed  fur  compre^ifiDg  cloth,  oil- 
cake, paper,  hay,  gunpowder,  candles,  vermicelli,  and  for  nomeroa^  other  ani- 
ei«>,  to  which  the  proper  form  or  condition  is  imparted  by  severe  prefsare; 
also  for  testing  steam-boilers  and  chain  cables.  The  tubes  of  the  famous 
Britannia  tubular  bridge  over  the  straits  of  Menai  il72)  were  raised  to  their 
place  by  means  of  powerful  hydraulic  presses. 

191.  PresBiire  of  a  liquid  on  the  bottom  of  a  vessel. — TIte 
pressure  exerted  by  a  liquid  on  the  horizontal  base  of  a  conlaininff  vessel^ 
IS  Uf,  independent  of  the  shape  of  the  vessel,  and  2/J,  is  etpial  to  the 
weight  of  a  column  of  this  liquid,  whose  base  is  that  of  the  vessel,  and 
whose  height  equals  the  depth  of  the  liquid. 

In  A  conical  vessel,  standing  on  its  base  and  filled  with  liquid,  con- 
ceive any  number  of  horizontal  planes,  dividing  the  contents  of  the 
vessel  into  a  series  of  frustums,  so  thin  that  each  frustum  may  be 
considered  a  ojlinder.  It  is  evident  that  the  pressure  exerted  by  each 
eylindrieal  mass  on  its  own  base  is  equal  to  its  uwn  weight.  But  by 
the  principle  of  Pascal  each  succeeding  section  will  have  to  support 
a  pressure,  as  much  greater  than  the  weight  of  the  superincumbent 
as  the  area  of  its  base  is  greater  than  the  area  of  the  base  uf 
16 
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that  preceding  it.  Hence,  the  base  of  the  conical  vessel 
will  support  a  pressure  equal  to  the  weight  of  a  column  of 
water  whose  base  and  height  are  respectively  those  of  the 
vessel. 

Evidently,  from  this  reasoning,  if  the  conical  vessel  is  in- 
verted, or  its  form  is  in  any  way  modified,  the  same  law  holds 
good. 

The  truth  of  this  principle  may  be  experimentally  demon- 
strated by  means  of  the  apparatus  in  fig.  138.-  If  this  instru- 
ment is  placed  in  a  liquid,  the  piston  G  is  forced  in  with  a 
pressure  equal  to  the  weight  of  a  column  of  the  liquid,  whose 
base  has  the  area  of  the  piston,  and  whose  height  is  equal  to 
the  depth  of  the  liquid  above  the  surface  of  the  piston. 

To  demonstrate  that  the  pressure  is  independent  of  the  form  of  the 
vessel,  M.  Haldat  has  contrived  the  apparatus,  fig.  139.  It  consists  of 
a  tube,  A  B  c,  bent  twice  at  right  angles.  On  A,  may  be  placed  the 
vessels  M  and  P,  of  equal  height,  but  of  different  forms.  The  tube 
A  B  c  is  filled  with  mercury,  which  rises  to  an  equal  height  in  A  and  e ; 
M  is  then  placed  on  A,  and  filled  with  water ;  the  mercury  immediately 
rises  in  c,  to  a  certain  point,  as  a.  We  then  replace  M  by  P,  and  fill 
with  water  to  the  same  height  as  ^^g 

before.  The  mercury  again  rises 
to  the  point  a,  as  it  did  with  the 
vessel  M ;  it  is  evident  that  the 
pressure  transmitted  to  the  mer- 
cury in  the  direction  A  B,  was  the 
same  in  both  cases,  proving,  most 
conclusively,  that  the  pressure  does 
not  depend  upon  the  quantity  of 
liquid,  for  the  vessels  M  and  P  differ 
greatly  in  capacity.  The  area  of  the 
base  formed  by  the  surface  of  the 
mercury,  and  the  vertical  height  formed  by  the  column  of  water,  were, 
however,  the  same  in  both  cases,  and  upon  these,  as  before  stated,  the 
pressure  depends.  In  the  case  of  a  vessel  having  vertical  walls,  the  pres- 
sure would  be  equal  to  the  weight  of  the  liquid  the  vessel  contained. 

192.  Upward  pressure.— Having  shown  that  pressure  in  liquids  is 
exerted  from  above,  downwards ;  it  follows,  from  the  law  of  equality 
of  pressure,  that  a  corresponding  force  is  exerted  from  below,  upwards. 
This  pressure  is  made  very  manifest  by  the  buoyancy  experienced  when 
we  plunge  the  hand  into  a  liquid  of  great  density,  as  into  mercury    Id 
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order  to  demonstnte  this  upward  pressure  ezperimeotally,  a  talje  of 

glmas  b  taken,  open  at  both  ends,  fig.  140,  having  at  the  lower  end  a 

disk  of  gUas,  B,  wbioh  is  supported  by  means  of  a  thread  from  its 

centre:  the  whole  is  then  placed  in  a  Tossel 

of  water  and  abandoned  to  itself;  the  disk 

remains  attached  to  the  end  of  the  cylinder, 

owing  to  the  upward  pressure  of  the  water. 

If  now  Uie  interior  tube  be  carefully  filled, 

the  disk  will  not  fall  until  the  lerel  of  the 

water  within  the  tube  is  nearly  the  same  as 

that  in  the  outer  yessel,  proving  that  the 

upward  pressure  is  equal  to  the  weight  of 

the  interior  column,  and  therefore  that : — The 

upward  pr€$9ure,  in  cmy  setfet,  w  equal  to  (he 

weight  of  a  eoiumn  of  liquid  hamng  Ike  same 

bate  ae  the  eniinder.  A,  and  whoee  height 

equals  the  depth  of  the  section  below  the  surface  of  the  liquid. 

193.  Pressure  on  the  sides  of  a  ▼essel. — The 
pressure  of  a  liquid  on  any  portion  of  a  lateral  wall,  is 
equal  to  the  weight  of  a  column  of  liquid,  which  has  for 
its  base  this  portion  of  the  waU,  and  for  its  height  the 
reriieal  distance  from  its  centre  of  gravity  to  the  surface 
of  the  liquid.  Thus,  in  fig.  141,  the  pressure  at  the 
height,  C  D,  of  the  wall  is,  by  { 191,  equal  to  the  weight 
of  the  column  A  B,  since  the  pressure  of  this  is  com- 
municated laterally  to  all  the  particles  lying  on  the 
I  horixontal  plane. 


This  lateral  pressure  increases,  of  course,  with  the  depth  of  liquid  in 
the  TesseL  Thus,  in  fig.  142,  the  column  of  liquid  AG 
pressing  with  a  certain  force  on  Z,  the  column  £F 
will  press  on  Q,  with  a  force  as  much  greater,  as  E  F  is 
deeper  than  A  C.  This  may  be  further  illustrated  by 
plunging  the  apparatus,  fig.  138,  at  various  depths  and 
in  a  horisontal  position,  the  piston  will  be  forced  in 
with  a  pressure  corresponding  to  the  depth ;  also,  if  it 
is  plsced  in  any  position  intermediate  between  the 
horixontal  and  vertical,  the  piston  will  be  similarly 
pressed  in,  thus  showing  that  pressure  is  exerted 
equally  in  all  directions. 

194.  Pascal's  experiment  with  a  cask.— Pascal  made  a  striking 
experiment  at  Rouen,  in  1647,  to  illustrate  the  enormous  pressure 
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exerted  by  a  lofty  column  of  water  contaiDed  in  a  email  tube.  A 
strong  cask,  filled  with  water  and  arranged  as  in  fig.  143,  was  fitted 
with  a  small  tube  about  forty  feet  high.  When  this  tube  was  filled 
with  water,  the  effect  of  the  pressure  transmitted  to  all  parts  of  the 
cask  was  sufficient  to  burst  the  yessel. 

143 


144 


^ 


1^3^ 


195.  The  "water  bellows,  or  hydrostatio  paradox. — This  familar 
experiment  is  only  a  modification  (in  form)  of  Pascars  cask. 

The  hydrostatic  bellows,  fig.  144,  consista  of  two  boards,  B  G,  and  E  D,  con- 
nectod  with  leather  or  India-rubber  olotb.  A,  in  such  a  manner  that  the  upper 
board  can  rise  and  fall,  like  the  common  air  bellows.  The  tube  T  E  communi- 
cates with  the  interior  of  the  apparatus.  Supposing  the  tube  to  have  a  crors 
section  of  one  square  inch,  and  the  top  of  the  bellows  to  have  a  surface  of  100 
square  inches,  one  pound  of  water  in  the  tube  would  lifl  100  pounds  on  the  bel- 
lows, the  weight  of  the  water  acting  with  a  pressure  equal  to  one  pound  on  each 
square  inch  of  the  surface.  The  pressure  is  proportioned  to  the  height  of  the 
column  of  water;  for  if  we  use  a  smaller  tube,  for  the  same  bulk  of  fluid,  the 
height  of  the  column  of  water  will  be  greater,  and  will  raise  a  greater  weight  | 
if  the  tube  be  larger,  the  column  will  not  be  so  high,  and  will  not  raise  so  large 
a  weight. 

196.  Total  pressure  on  the  walls.— In  the  vessel  A  BCD   fig. 
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145,  ^ride  the  ride  AB  into  10  equal  parts.  Sapposing  the  pressare 
1*  1  ta  be  one  pound,  then  the  preesnre  at  2  would  be  two  pounds, 
cl  S  three  poonde,  Sdo^  a*  the  intensity  of  the  pressure  inoreases  directly 
whfa  the  depth.  The  average  intensity  of  pressure  would  be  found  at 
the  5tli  diririon  (or  a  point  midway  between  the  1st  and  10th),  and  the 
total  prceenre  on  the  walls  would  be  the  same  as  if  it  sustained  the 
arerage  intensity  orer  the  whole  lateral  surface,  and  therefore  the  total 
prtMsure  ^ipon  a  waU  oftMcka  wmA  it  eqmt  to  the  weight  of  a  column 
•ftke  liquid  whoie  ham  ie  equal  to  the  area  of  the  side,  and  whose  height 
tM  equal  to  one-half  of  the  depA  of  the  liquid 
in  the  veeed.  This  is  true,  whether  the  vessel 
be  vertical  or  inclined  in  any  direction.  In 
the  case  of  a  cubical  vessel,  this  pressure  on 
one  side  would  be  equal  to  one-half  the 
freight  of  the  liquid  contained  in  the  vessel. 

Total  praaaure  on  the  bottom  and  aidea  of  a  veaael. — The 
total  pressure  exercised  on  the  bottom  and  sides  of  a  vessel,  is  much 
greater  than  the  weight  of  the  liquid  contained  in  the  vessel.  In  the 
ease  of  a  cubical  vessel,  the  pressure  exerted  on  the  bottom  is  equal  to 
the  whole  weight  of  the  liquid  (191),  the  pressure  exerted  on  each  side 
beiug  equal  to  half  the  weight  of  the  liquid  on  the  four  sides,  it  is  equal 
to  twice  its  weight,  consequently,  in  a  cubical  vessel  the  entire  pres' 
sure  exerted  on  the  bottom  and  sides  is  equal  to  three  times  the  weight  of 
the  contained  liquid. 

Table,  Bkowing  dU  prM9ure  in  pounds,  per  equare  inch,  and  equare/ootf  produced 
by  water  at  varioue  depthe. 


Depth  la  «Mi. 

Pr«wara  per  «|nar«  foot 

••4328 

623232 

0-8656 

124-6464 

1-2984 

186-9696 

1-7312 

249-2928 

2-1640 

311-6160 

2-5968 

373-9392 

3-0296 

4362624 

3-4624 

498  5856 

3-8952 

560  9088 

10 

43280 

623-2320 

By  aid  of  the  above  table,  the  preseare  of  water  on  any  surface  of  a  retfel 
eoataioiiLg  it,  can  be  determined.  As,  for  example,  the  pressure  of  water  on  a 
tqaan  foot,  at  the  bottom  of  a  vessel  twenty-three  feet  in  depth ;  at  two  feet, 
the  prssiiire  is  134*6464;  at  twenty  feet,  ten  times  as  much ;  =r  1246-464;  at 
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three  feet,  1S6*9696,  and  1246-464  -f  186-9696  =  1433-4336,  the  pressure  of  water 
on  a  square  foot  of  surface,  at  a  depth  of  twenty-three  feet. 

That  the  pressure  produced  at  great  depths  is  really  immense,  can  be  fthuwc 
by  confining  a  piece  of  wood  at  great  depths  in  the  sea.  The  pressure  force: 
the  water  into  the  pores,  so  that  it  will  not  be  capable  of  floating  afrerwarda 
A  bottle,  the  body  of  which  is  square,  if  tightly  corked  and  lowered  into  the 
sea,  will  be  broken  by  the  pressure.  If  the  body  of  the  bottle  is  strong  and 
cylindrical,  the  cork  will  be  forced  in.  Below  a  certain  depth,  diyers  cannot 
penetrate,  and  the  same  may,  perhaps,  be  true  of  fishes. 

197.  The  centre  of  pressure  upon  any  surface  immersed  in  a 
fluid  is  tlie  point  of  application  of  the  resultant  of  all  the  presuureti 
acting  upon  it. 

If  the  pressure  of  a  fluid  upon  an  immersed  surface  were  the  same 
at  all  depths,  the  centre  of  pressure  would  be  at  the  centre  of  gravity 
of  the  surface.  But  as  the  pressure  increases  with  the  depth,  the  centre 
of  pressure  will  always  be  below  the  centre  of  gravity. 

The  centre  of  pressure  in  an  immersed  sfirface^  or  in  the  side  of  a 
vessel  containing  a  fluids  is  a  point  to  which  a  force  equal  and  opposite 
to  the  resultant  of  aU  the  pressures  must  be  applied  to  keep  the  surface  at 
rest. 

The  position  of  this  point,  for  various  regular  surfaees,  has  been 
determined  by  the  calculus. 

The  centre  of  pressure  of  a  rectangular  surface,  vertically  or  obliquely 
immersed,  so  as  to  have  one  side  in  the  surface  of  the  liquid,  is  in  a  line 
joining  the  centres  of  the  superior  and  inferior  bases,  and  at  a  distance 
from  the  inferior  base,  equal  to  one-third  the  height  or  the  rectangle. 
In  fig.  146  the  point  C,  in  the  line  A  B,  distant  from  B  one-third  of 
A  B,  is  the  centre  of  pressure. 


146 

A 


When  the  immersed  surface  is  a  triangle  having  one  side  horizontal^ 
and  the  apex  in  the  surface  of  the  fluid,  the  centre  of  pressure  is  in  a 
line  joining  the  apex  and  the  centre  of  the  horizontal  base  at  a  distance 
from  the  centre  of  the  base  equal  to  one-fourth  the  bisecting  line. 
The  centra  of  pressure  in  the  triangle,  fig.  147,  is  at  c,  distant  from  B 
one-fourth  of  the  line  A  B. 

When  the  base  of  the  triangle  lies  in  the  surface  of  the  fluid,  the 
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eeDtre  of  pretnm  k  midway  between  the  apex  and  the  centre  of  the 
b«M,  as  at  e,  fig.  148,  which  is  eqaidistant  between  A  and  B. 

198.  Pr— ttiaa  waiy  as  tba  apeoifio  gxm^itiea  of  Uquida. — Two 
liqHids  preMM  om  the  9ame  area  and  ai  the  tame  depth,  direeUy  in  the  ratio 
of  their  epecifie  graoUiee*  We  have  seen  (191)  that  the  pressare  exerted 
on  the  base  of  a  Tessel  hcving  Tertical  walls  is  equal  to  the  weight  of 
the  liquid  the  ressel  contains.  Plainly,  therefore,  the  pressures  exerted 
on  the  base  of  two  equal  Tcssels  filled  with  equal  volumes  of  liquid  of 
unlike  density  will  vary  directly  with  their  specific  gravities;  or  repre- 
j^nting  the  pressures  in  the  two  cases  by  P  and  P",  and  the  speoifia 
gravities  by  (Sp.  Qr.)  and  (Sp.  Or.)^  we  have 

P:  P'  =  (Sp.  Or.) :  (Sp.  Or.)' 

III.    IQUIUBRlUlf  OF  UQUISB. 

199.  The  conditions  of  •qailibrinm  in  liquids. — ^The  joint  effect 
of  gravitation,  and  of  the  perfect  mobility  of  the  particles  of  a  liquid,  is : — 

1.  That  the  surface  of  a  liquid  ai  every  point  must  be  perpendicular  to 
the  direction  of  gravity,  i.  e.,  it  must  be  horizontal  or  level. 

This  principle,  first  distinctly  enunciated  by  Archimedes,  follows  from 
tlie  nature  of  gravitation,  which  acting  on  a  body  free  to  move,  causes 
its  centre  of  gravity  to  descend  as  low  as  possible.  It  is  only  when  the 
sorface  \»  horizontal  that  all  the  particles  of  the  fluid  maiss  are  equally 
solicited  by  tlie  force  of  gravity. 

The  inequalities  of  the  solid  surface  of  the  earth  exist,  because 
cohesion  is  opposed  to  gravitation.  Otherwise  the  mountains  would 
sink,  and  the  valleys  rise,  until  the  whole  mass  bad  a  uniform  level. 

By  this  principle  a  surface  of  water  is  perfectly  horizontal  only  when 
its  area  is  so  limited  that  the  direction  of  the 
forces  of  gravity  can  be  regarded  as  parallel  at 
each  point.  If  an  observer  is  stationed  at  0,  fig. 
149,  and  O  A  is  one  mile,  the  subtense  of  curva- 
ture ( A  6  or  D  £ )  is  eight  inches.  But  0  C  and  B  C 
are  lines  perpendicular  to  the  points  O  and  B,  and 
are  therefore  plumb  lines  (60),  and  hence  the  surface  E  O  B  is  a  spheri- 
cal surface.     In  other  words,  we  reach  the  more  general  principle: — 

That  the  resultant  of  all  the  forces  acting  at  any  point  on  the  surface 
of  a  liquid  mass,  when  in  equilibrium,  must  be  normal  to  the  surface  at 
that  point.  ^ 

It  follows  from  this  again : — 
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2.  Thai  every  liquid  mass,  when  in  equilibrium,  can  be  conndered  a$ 
made  up  of  an  infinite  number  of  very  thin  layers,  sustaining  ai  aU 
points  Vie  same  pressure,  and,  at  each  point  of  surface,  normal  to  aUike 
forces  there  acting, 

200.  Eqailibriam  of  liquidi  when  freeil  from  the  influence  of 
gravity. — It  follows,  as  a  oooBequence  of  the  last  principle,  if  a  mass 
of  liquid  is  freed  fVom  the  influence  of  gravity,  and  abandoned  undis- 
turbed to  its  own  molecular  attractions,  that  it  will  assume  a  spherical 
figure ;  since  then  the  sphere  is  the  only  form  which  can  saUsfj  the 
conditions  of  equilibrium.  This  theory  is  most  beautifully  demon- 
strated by  a  celebrated  experiment  called — 

The  experiment  of  Platean,  who  conceived  that  the  influence  of 
gravity  might  be  avoided  by  suspending  a  mass  of  oil  in  aloohd, 
diluted  to  exactly  the  density  of  the  oil.  This  conception  is  perfectly 
realized  by  experiment.  By  care  and  certain  precautions  to  secure 
clearness  in  the  liquids,  a  considerable  sphere  of  oil  may  be  suspended 
in  any  part  of  the  alcoholic  mixture,  and  by  a  wire  arranged  to  rotate 
as  an  axis,  and  about  which  the  sphere  of  oil  readily  arranges  itself, 
the  oblate  figure  of  the  earth,  the  appearance  of  satellites,  or  even  the 
rings  of  Saturn,  may  be  imitated  in  a  most  instructive  and  striking 
manner. 

The  spherical  form  of  drops  of  rain  or  dew,  and  the  globular  drops 
of  mercury,  are  referable  to  the  conditions  of  fluid  equilibrium. 

201.  Equilibrium  of  a  liquid  in  communicating  vessels. — If 
two  or  more  vessels  communicate  with  each  other,  the  liquids  in  both 
or  all  the  vessels  stand  at  the  same  level.  This  law  rests  upon  the  fact, 
that  the  pressure  of  liquids  at  equal  depths, 
is  equal  in  all  directions.  If  the  fluid  stands 
at  a  higher  level  in  one  vessel  than  the  other, 
the  particles  of  the  former  exert  a  greater 
lateral  pressure  on  the  channel  of  communi- 
cation than  the  other  can  ;  these  particles  are, 
therefore,  continually  pushed  upwards,  until 
they  exert  an  equal  and  opposite  pressure, 
which  obtains  when  the  columns  are  at  an 
equal  height.  The  effect  is  the  same,  what- 
ever may  be  the  size  and  number  of  the  ves-  ; 
sels.  Fig.  150  represents  a  number  of  vessels 
of  different  shapes  and  capacities,  connected  with  a  common  reservoir; 
if  we  pour  water  into  one  of  them,  it  will  rise  to  the  same  height  in 
the  other  vessels. 
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202.  Bqnllibilim  of  liquids  of  different  densities  in  oomma- 
nioatins  ▼eesals. — ^When  two  liquids  of  difiereot  densities  are  placed 
in  commuDioeting  vesMls,  their  surfaces 
will  not  rest  at  the  same  point  or  level ; 
for  m  eommuvkaikhg  vetsds,  the  keighU 
of  Ike  Itgicui  eoimmnt  arc  in  the  inverse 
ratio  of  tke  epedfe  gramiies  of  the  liquide. 

If  mercury  is  first  poured  into  the  lower 
part  of  the  apparatus,  fig.  151,  and  the 
tube  AB  is  then  fiUed  with  water,  this 
liquid  will  exert  a  pressure  on  the  mercury, 
causing  it  to  be  depressed  in  AB,  and  to  rise 
in  the  other  tube.  Measuring  the  height 
of  the  columns  of  mercury,  C  D,  and  water, 
A  B,  which  are  in  equilibrium,  they  will 
be  found  to  be  as  1  to  13*59.  These  num- 
bers represent  the  densities  of  water  and  mercury. 

Demonstration. — Let  S  represent  the  surface  of  the  merenry  at  B,  and  H 
be  the  height  of  the  column  of  water,  B  A,  and  Sp.  Or.  the  specific  gravity  of 
wat«r ;  then,  by  §  198,  the  pressure  on  the  surface  \a  P  ■=  S  H  {Sp.  Or.)  for  the 
column  of  water,  and  for  the  mercury,  C  D,  it  ia  P*  —.  S*  IP  {Sp.  Or.)'  But 
by  ^  189  eqnilibriiyn  can  obtain  only  when  the  pressures  exerted  on  B  and  C 
are  proportional  to  the  area  of  those  surfaces,  or  where  P  i  P*  =^  S :  S*.  Sub- 
iftituttng  the  value  of  P  and  P*,  it  follows  that 

H{Sp.  Or.)  =  IP  {Sp.  Or.)' 
H'.H'  =  {Sp.  Or.y  I  {Sp.  Or.) 

In  other  words,  the  columns  are  in  equilibrium  when  their  heights  are 
inversely  as  their  specific  gravities,  which  was  to  be  proved. 

203.  The  spirit  level. — Since  by  J  199  the  surface  of  a  liquid  at 
rest  is  always  horizontal,  we  have  thereby  a  ready  means  fur  determin- 
ing the  horizontal  line  by  use  of  the  spirit  lecd.  This  instrument  is  a 
glass  tube,  A  B,  fig.  15'J,  very  slightly  curved  upwards,  nearly  filled 
with  alcohol,  hermetically  152 
sealed  and  sheathed  in 
brasa,  C  D.  The  small 
bubble  of  air,  M,  always 
rises  to  occupy  the  high- 
est point  of  the  apparatus. 
The  baMC  is  carefully  ad- 
justed, 80  that  only  when 
the  instrument  is  placed  horisontally,  does  the  bul  ble  remain  in  the 
lentre,  at  a  fixed  mark. 
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204.  Artesian  'wells. — All  springs  and  fountains  are  examples 
of  the  laws  of  equilibrium  of  liquids  in  communicating  Teasels. 
Among  similar  phenomena,  artesian  wells  are  the  most  remai^a- 
ble  examples.  These  are  wells  (named  artesian  from  the  ancient 
province  of  Artois  in  France,  where  they  were  early  jnade,  although 
known  long  before  in  China),  bored  into  the  earth's  crust,  often  to  a 
great  depth.  The  crust  of  the  earth  consists  often  of  yarions  beds  or 
strata,  some  pervious  to  water  like  sandstones,  and  others,  like  elay, 
impervious. 

Fig.  153  presents  an  imaginary  section  of  a  portion  of  the  earth's  cmst^ 
containing  two  impervious  strata,  A  B,  G  D,  and  one  pervious  stratum, 
KK.    Let  these  strata  reach  the  surface  in  elevated  land,  and  ire 
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have  thus  a  basin  into  which  the  meteoric  waters  filter  and  from  which 
they  cannot  escape,  being  confined  by  the  impervious  strata  already 
named ;  now  an  artesian  boring  in  the  valley  H,  will  reach  the  impri- 
soned water  after  passing  A  B,  and  the  water  will  be  thrown  up  in  a 
jet,  the  height  of  which  will  depend  on  the  elevation  of  the  edges  of 
the  basin,  which  may  come  to  the  surface  in  lofty  hills  hundreds  of 
miles  away  from  the  well. 

A  well  of  this  kind  was  sank  at  Louisville,  Ky.,  in  1857-8,  to  the  great  depth 
of  2086  feet  (Dnpont's  well),  which  delivers,  through  a  bore  of  13  inches,  over 
three  hundred  thousand  gallons  of  sulphuretted  mineral  water  in  24  hours,  at 
170  feet  above  the  surface,  with  a  constant  temperature  of  7^^  F.  (82^®  at  the 
bottom).  (Am.  Journ.  ScL  [2]  xzvii.  174.)  Belcher's  well  in  St.  Louis  is  219f 
feet  deep,  and  yields  also  sulphuretted  water ;  while  the  famous  Orenelle  wdl 
in  Paris  is  1806  feet  deep,  and  yields  daily  600,000  gallons  of  soft  water,  wana 
enough  to  answer  the  purposes  of  the  great  slaughter-houses  surrounding  il. 
Artesian  wells  have  lately  been  successfully  bored  in  the  African  desert  on  the 
great  caravan  route. 

IV.    BUOYANCY  OP  LIQUIDS. 

205.  Theorem  of  Archimedes. — Solids  immersed  in  liquids  art 
buoyed  up  by  a  force  equal  to  the  weight  of  ifie  liquid  displaced. 
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This  Tevj  importent  prindple  w«8  difloorered  by  Archimedei,  aboai 
30  yMra  B.c^  and  u  edled  mfter  faim,  the  PrimcipU  of  Ankimedes. 
£u  oometiMM  it  protad  by  meuis  of  the  hjdroetatic  bftliDce,  frooi 
one  of  ihm  mnoB  of  whieh  (ilg.  154)  is  hung  a  hollow  ejlinder,  oi 
boekotb  At  haTiDg  a  ejliDdrieal  masa  of  copper,  B»  exactly  fitliDg  into 
il»  and  aoapended  from  it  bj  meana  of  a  book.  HaTiDg  ezaetlj  eoan- 
fterpoiaed  the  beam  by  weights  on  the  other  arm  of  the  balanee,  fill  op 
the  glaaa  ▼ewel  with  water,  until  the  ejlinder  B  ia  wholly  immersed. 
The  cylinder  will  then  appear  to  haye  loot  weighty  the  other  arm  going 
down.  If  the  backet.  A,  ia  now  ezaetly  filled  with  water,  the  eqniii- 
briom  will  be  reatored ;  proTing  that  the  weight  loct  by  the  immeraed 
body  ia  equal  to  its  own  bolk  of  water. 

Ilie  aame  ia  tme  of  any  liquid  whaterer.  It  ia  alao  tme,  howerer, 
that  the  weigfit  kat  in  this  caae  by  the  ejlinder  moat,  as  a.neeessary 
result  of  the  Inw  of  action  and  reaction,  be  gained  by  the  water  in 
the  vase. 

This  fact  is  illustrated  by  arranging  the  apparatus  as  seen  in  fig.  155. 
After  firat  balancing  the  Tase  of  water,  the  cylinder  B  is  suspended  in 
164  it  from  a  separate  support  C.    The  vase  then 

I  appears  to  have  guoed  in  weight,  and  it  will 
be  found  requisite  in  order  to  restore  the  equi- 
librium to  remoTC  therefrom  enough  water 
exactly  to  fill  the  cup  A. 


i  of  Axehimeden  ik  a  necessary  consequence  of  the  r 
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chanical  condition  and  laws  of  equilibrium  of  liquids,  and  of  the 
impenetrability  of  matter.  The  whole  imraeroed  body  is  buoyed  up 
by  a  force  equal  to  the  resultant  of  all  the  forces  normal  to  each  pmot 
of  its  surface,  that  is  by  a  force  equal  to  the  weight  of  the  liquid  which 
it  displaces. 

206.  Another  demonstration  of  Archimedes'  principle. — Con- 
ceive a  cube  A  B,  fig.  156,  of  water  for  example,  say  one  cubic  inch  or 
a  cubic  centimetre  in  bulk,  isolated  and  l^^ 

sustained  in  its  position  by  the  pressure  of 
the  surrounding  particles — such  being  the 
condition  of  equilibrium  existing  among 
the  particles  of  liquids  at  rest  (199). 
Hence  it  is  evident  that  the  weight  of  the 
ideal  cube -A  B  is  sustained  in  its  position 
of  equilibrium  by  a  buoyant  force  exactly 
equal  to  its  own  weight.  If  A  B  is  now 
solidified  by  any  cause  which  does  not 
change  its  volume,  it  is  evident  that  the 
conditions  of  its  equilibrium  also  remain 
unchanged.  We  may  therefore  replace  it 
by  any  other  substance  of  whatever  weight, 
having  the  same  dimensions,  and  the  new  solid  will  still  be  buoyed  up 
by  a  force  equal  to  the  weight  of  the  ideal  cube  of  water,  or  of  any 
other  liquid  in  which  it  is  immersed. 

The  form  of  the  body  is  evidently  immaterial,  and  therefore  it  fol- 
lows, as  before,  that  a  body  plunged  in  a  liquid  is  sustained  by  a  power 
equal  to  the  weight  of  the  liquid  displaced. 

Floating  bodies.— Accepting  the  Theorem  of  Archimedes,  it  follows, 
that  if  the  immersed  solid  be  of  the  same  weight  as  the  displaced  fluid, 
the  former  will  remain  at  rest  in  the  fluid,  in  any  position  in  which 
it  may  be  placed,  the  upward  pressure  exerted  upon  the  solid  being 
equal  to  its  own  weight. 

Since  the  specific  gravities  of  any  two  substances  are  to  each  other 
as  the  weights  of  equal  volumes  of  these  substances  (99),  it  follows  that 
any  homogeneous  solid  will  float  when  its  specific  gravity  is  less  than  that 
of  the  liquid,  and  that  it  will  sink  when  these  condititms  are  reversed. 

Hence,  iron  sinks  in  water,  but  floats  on  mercury;  some  woods 
which  float  on  water  will  sink  in  oil  or  alcohol ;  while  oak,  which  floats 
on  salt  water,  will  sink  in  fresh  water.  But  if  the  iron  is  fashioned 
into  a  thin-walled  vessel,  and  the  dense  woods  into  hollow  boxes, 
they  will  then  float  on  the  same  liquids  in  which  they  before  sank, 
because  their  volumes  have  been  increased,  respectively,  without  in- 
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;  Uiair  wvigjbl^  and  they  float  becaiue  eaeh  ditplaeee  a  Tolome 
of  watar  giaatar  in  W6i|^t  than  the  weight  of  the  floating  body. 

^i^fwpiaai  lUvslcaliBg  thii  prinoiple  are  of  ftmiliar  oeenrrenee.  Inm  •kip*— 
«.  f^  the  Owt  Bael«»— loet  ai  baoyantly  tm  ihipi  of  wood,  and  have  besides  a 
▼ast  eapaci^y  tn  floatfag  their  heafy  maohineiy,  eoal,  and  eargo.  The  problem 
ef  veigfaiBf  a  ahip  aad  eargo  resolrea  itself  into  a  qnestion  of  mvnsiiration  of 
tka  TeliBM  of  water  displaced  1^  her. 

CWisfs  are  tanks  of  inm  or  wood,  whieh  are  first  filled  with  water,  aad  after 
being  Mewed  le  the  eldei  of  loaded  ressels  the  water  is  pamped  oat,  when  their 
baojaaflj  aide  tha  ▼easel  in  ioatiag  orer  a  bar,  or  in  shallow  water. 

JPIbalHif  dbcH  M»  BMflh  in  ase  hi  the  seaports  of  the  United  Stales,  are  shnilar 
jOBtgiTaaeea  hj  aid  of  whieh  the  heariest  ani  largest  ships  are  saMy  raised  en- 
tirslj  eat  of  water  for  repairt.  The  eleratingforee  is  solely  the  bnoyaaoy  of  large 
tanks  prerioasly  sank  beneath  the  Tessel,  and  then  pamped  oat  by 

dmiU  This  bydrostatie  toy,  known  also  as  the  Indton,  ^zhihito  the 
piiaeipia  jast  staled.  It  oonsists  of  a  small  glass  or 
easmel  figaia,  fig.  157,  at  whose  head  is  fixed  a  bnlb  of 
glass  baring  a  small  opening,  0,  beneath.  It  is  filled 
with  water  to  snob  an  extent,  that  when  placed  in  the 
ejlinder  of  water  as  represented,  it  jost  fioats.  Orer  the 
month  of  the  Tessel  is  tightly  fixed  a  piece  of  caontchoac. 
Pressore  exerted  by  the  thumb  on  the  oaontchone  will  be 
eonreyed  through  the  water  to  the  air  contained  in  the 
bolb  0.  Bafloient  water  will  thus  enter  0  to  render  the 
speeifie  gravity  of  the  apparatus  heavier  than  that  of 
water,  when  it  sinks.  On  removing  the  pressure,  ex- 
pansion of  the  air  in  0  expels  the  water  which  was  pre- 
viously forced  into  it,  and  tiie  apparatus  rises.  By  a 
contrivance  similar  to  this,  the  beautiftil  naatilus  shell 
rises,  to  float  npon  the  surface  of  the  sea,  or  sinks  again 
at  pleasure,  by  a  voluntary  contraction  or  expansion  of 
an  internal  cavity. 

Fiakn  are  bodies  floating  in  a  state  of  equilibrium,  when  immersed  in  their 
own  element  But  in  order  to  preserve  this  state  at  different  depths,  they  have 
aa  otr  bUUUUr,  by  contracting  or  expanding  which,  their  bodies  acquire  the 
mean  density  of  the  water  in  which  thoy  are. 

207.  BquUibriam  of  floating  bodiea. — ^In  order  that  a  floating 
body  may  be  in  equilibrium  it  is  necessary :  First,  That  the  weight  of 
ttie  fluid  displaced  should  be  equal  to  the  weight  of  the  floating  body : 
Seeond,  That  the  resultant  of  idl  the  upward  pressures  of  the  liquid 
ahoold  net  in  the  Tertical  line,  passing  through  the  centre  of  gravity  of 
the  body. 

Aa  the  weight  of  a  body  may  be  considered  as  acting  at  a  single 
point  called  the  centre  of  gravity,  so  the  upward  pressure  of  a  liquid, 
aeting  upon  a  body  immersed  in  it,  may  be  considered  as  acting  in  a 
tin^a  point  which  will  be  the  centre  of  gravity  of  the  fluid  displaced. 
This  point  u  evidently  diflbrsnt  from  the  centre  of  grayity  of  the  body, 
17 
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and  may  therefore  appropriately  be  called  the  centre  of  buoyancy.  Id 
a  homogeneous  solid  this  point  is  always  below  the  centre  of  gravity 
when  the  body  floats,  and  coincides  with  it  when  the  body  sinks.  Let 
abcdy  fig.  158,  be  a  homogeneous  solid, 
G  will  represent  the  centre  of  gravity 
of  the  body,  and  P  the  centre  of  buoy- 
ancy, or  upward  pressure,  situated  at 
the  centre  of  gravity  of  the  liquid  dis- 
placed. 

When  the  floating  body  is  not  homo- 
geneous the  centre  of  gravity  may  be 
below  the  centre  of  buoyancy,  as  in  the 
case  of  a  ship  having  ballast  or  heavy 
cargo  stowed  in  the  hold. 

Let  the  floating  body  take  the  position  shown  in  fig.  159,  the  forae 
of  gravity  will  act  at  G  in  the  direc-  159 

tiou  G  r,  but  the  upward  pressure  will 
act  from  a  new  centre  of  buoyancy, 
P^,  at  the  centre  of  gravity  of  the 
displaced  fluid,  and  in  the  direction 
P^  q.  THis  force  being  equal  to  the 
force  of  gravity  and  parallel  to  it,  but 
acting  in  an  opposite  direction,  the 
two  forces  form  a  couple  (48),  and 
tend  to  rotate  the  body  till  the  two 
forces  again  act  in  the  same  vertical 
line. 

When  the  centre  of  gravity  and  centre  of  buoyancy  are  in  ihe 
vertical  line^  the  floating  body  will  be  in  equilibrium. 

This  equilibrium  may  be  neutral,  or  the  same  in  any  position  of  the 
floating  body  ;  unstable  when  by  any  movement  of  the  body  the  centre 
of  gravity  descends : — or  stable  equilibrium  when  movement  of  the  body 
in  any  direction  causes  the  centre  of  gravity  to  ascend. 

Neutral  equilibrium. — A  sphere  of  uniform  density  floating  in  a 
liquid  is  an  example  of  neutral  equilibrium,  because,  whatever  position 
it  may  assume,  the  part  immersed  is  a  segment  of  a  sphere  of  the  same 
maojnitude  and  form,  and  no  alteration  can  be  effected  in  the  relative 
positions  of  the  centre  of  gravity  and  the  centre  of  buoyancy. 

Unstable  equilibrium. — Let  abed,  fig.  160,  represent  a  rectangular 
prism  of  uniform  density,  floating  on  one  end,  the  centre  of  gravity 
being  at  G,  and  the  centre  of  buoyancy  or  upward  pressure  being  at  P. 

Although  G  and  P  are  in  the  same  vertical  line,  it  is  evident  that  the 
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I  will  be  nnfltable,  because  wben  the  bodj  morae  to  any  new 
,  ■■  ftt  %.  161^  the  centre  of  ^mtitj  deecenda. 


Stabto  BqniUteiimi. — ^Tlia  oentre  of  Iraojancy,  or  centre  of  apward 
prewDre,  may  be  considered  aa  the  centre  of  support  of  a  floating  body. 
When  this  centre  is  above  the  centre  of  grayity,  the  body  will  evidently 
be  in  a  position  of  stable  equilibrium.  It  will  also  be  in  a  position  of 
•table  equilibrium  when  the  centre  of  gravity  occupies  a  lower  position 
than  it  would  acquire  in  any  other  position  of  the  floating  body.  But 
in  such  cases  the  stability  of  the  equilibrium  of  the  floating  body  is  more 
readily  understood  by  reference  to  another  point  called  the  metacenire, 

208.  The  metaoentre  of  a  floating  body  is  the  point  where  the 
tertical  pasting  through  the  centre  of  buoyancy,  in  the  position  of 
equilibrium,  meets  the  vertical  drawn  through  the  new  centre  of  buoyancy, 
when  the  body  has  been  slightly  displaced  from  this  position. 

By  reference  to  figs.  158  and  159  it  will  be  seen  that  G  r^  or  G  g  is  the 
vertical  which  passes  through  the  centre  of  buoyancy  in  the  position  of 
stable  equilibrium,  and  P""  q  the  vertical  passing  through  the  centre  of 
buoyancy  when  the  body  is  moved  a  little  from  the  position  of  equili- 
brium ;  hence,  q  is  the  metacentre  related  to  the  position  of  stable  equi- 
librium, and  in  this  case  it  is  above  the  centre  of  gravity. 

Referring  to  figs.  160  and  161,  we  see  that  the  metacentre  b  at  ^,  fig. 
161,  or  at  a  point  below  the  centre  of  gravity. 

Th«  MtCaeeBtn  may  also  be  found  bj  taking  the  point  of  inteneetion  of  rer- 
tleals  paasing  through  the  eentree  of  bnojancy  in  any  two  poAitiom  near  each 
•Iher. 

A  floating  body  will  be  in  stable  equilibrium  whenever  the  meta- 
eentre  is  above  the  centre  of  gravity,  and  the  degree  of  stability  will 
be  in  proportion  to  the  distance  of  the  metacentre  above  the  centre  of 
gmnty.    This  depends  on  the  form  of  the  floating  body. 

WbsB  tha  esairs  of  gravity  if  below  the  eentre  of  baoyaney,  the  vwtaeeatre 
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mail  LVidt^ni.ly  always  ha  tihom  tbc  cculre  of  gfmvUj^  Mid  thiff  c^Dditkn  ii 
u^wuji  aUble.  It  id  aho  evitleut  thai  tbc  fttJikbiUty  of  «  flo*tiiJg  biMiy  iiicn«s« 
niih  lhf!<  brtndth  of  tbti  purt  submerged^  These  prindplev  otq  af  gT«Bt  inp«i1 
aiu'c  iT>  tLti  ct-^iij^LruetioD  and  lt>adiDg  of  ibipa.  Tbu<  EDolacentre  zdlj  b«  n^gv^ 
0^  a  eort  lif  fulcrum  abovo  wht^b  la  Iba  prcflsure  of  the  s&iJa,  and  beb«  lb 
iiVisi^hl  uf  tbo  ship* 

V easels  designed  for  trBnflporting  iJ(i*BBiiger«  and  ligbt  cArgo  i^aire  beiT 
bulU!i^  rd  iron  t>r  ^^Um^  p1aci:il  uear  tbii  kcoU  t°  pnai'rrc  thv  eqnilibriEwu  0 
Ibv  otbcr  Ijund,  vei^eli  loaded  with  iron  have  tbo  centre  of  graritj  fo  Low  at  I 
L'uudi^  mjuriuii»  i^trmn  upon  ihrn  ijbi{>^  unlttit  the  cargo  ia  eloirated  b^r  cftui  piliv 
or  cthtT  ;>tEippiirri  Ui  rain'i?  ib^  centre  'Of  ^avHj  io  aj  to  allotr  tbc  fbLp  to  m 
ttUH,ily  tu  a  heuv  V  ifva,.  The  cquilibdum  of  small  boats  ib  from  the  Fame  cam 
jfEvn  Uij<iijrbL'd  li>'  iliti  no  guarded  movomonta  of  the  passeng^erflu  Tbe  roLlia 
of  a  vcf  9d  10  a  ^-I'^rto  may  no  »bift  tbe  poiition  of  tbu  cargOj  and  iba&  recnm 
tbe  cuuirti  tif  gmvity,  that  tbp  vessel  may  be  tbrawn  upon  b^r  be^kOi-entL^  at 
be  iost, 

V.     DETERMINATION  OF  SPfiClFiC  GBAVITT* 

^til^  The  problGm  ata tod.— Methods. — We  b&Te  alreadj  cons 
tiered  the  reJatiuns  of  dt^^Hity  and  8pGc[fio  weight  to  mads  iiod  v«i^ 
(IfG-tlL*),  Moat  <kf  the  methods  Id  ntje  to  determine  specifio  griTit 
de]K!ini  tin  llie  prinuiplee  of  hydro atatici!  just  considered,  and  servtt 


or  niJiDs. 


1G9 


£zMii]pt|«. — A  pim  of  troB  mli^liid  in  ^  W^  gndnt,  m  water  401-15  gn. 
Ha  liO — Ifll-li  ^  il^Si  gn.j  vhl«li  «qiub  thtt  weight  of  a  rolnme  of  water 
IfMlto  |^iM«r  and  4««  -^  U-N  —  TS  =  vpnilte  gnwitj  of  the  iroii. 

Td  du1e«  tba  ease  feneitit,  let  TTbn  the  weight  of  the  bodj,  and  W^ 
lb«  JcMt  of  wei|;^t  m  wmWt,  then  bj  the  definition 

'       (*.«?••.)  «-^' 

The  iwaH  thus  obteined  it  always  to  be  reduced  to  a  standard  tem- 
peratore. 

Ar  aoltfit  Ugkier  ikon  water, — If  the  body  whose  speeifto  gravitj 
11  to  be  determined  it  lighter  than  water,  it  must  be  attached  to  some 
•oUd  (whote  wdght  in  air  and  in  water  is  known)  sufficiently  dense  to 
•mk  it  in  water.  The  oompoond  mats  it  weighed  first  in  air,  and  then 
b  water,  and  the  loat  determined,  the  weight  lost  by  weighing  the 
kea?y  body  alone  in  water  being  known,  the  weight  of  the  light  body 
in  air,  diTided  by  the  differenoe  between  these  losses,  gives  the  specific 
gravity. 

Example. — A  enbstanee  weighed  in  air  200  grains,  attached  to  a  piece  of 
copper  it  weighed  in  air  2247  gr^.,  in  water  1620  gn.,  suffering  a  loss  of  627  grs. 
The  copper  itself  loses,  when  weighed  in  water,  230  grs.,  627  —  230  ■—  397,  tbc& 
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897  =  -604. 
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For  liquids. — ^The  hydrostatic  balance  also  applies  to 
liquids  as  well  as  to  solids — ^whether  the  liquids  are  denser 
or  lighter  than  water. 

For  this  purpose  a  small  glass  tube  is  prepared,  including 
enough  mercury  to  sink  it  in  any  liquid  not  heavier  than 
mercury.  It  is  hermetically  sealed,  the  end  bent  into  a  hook, 
and  the  whole  suspended  by  a  very  thin  platinum  wire  from 
the  pan  of  a  balance.    Fig.  163  shows  this  apparatus  of  full 


m 


The  weight  of  the  volume  of  irater  which  this  system  dis- 
piaeet  ai  60^  F.  (or  at  4°  C.)  is  first  determined  by  the  mode 
dtteribed  for  tolids.  This  is  a  constant  quantity,  and  may 
be  ceDed  (7.  If  the  tube  is  now  immersed  in  another  liquid, 
at  in  aloohol  for  example,  it  will  require  a  certain  weight  to 
leetofft  the  equilibrium  (the  weight  of  the  tube  and  mercury 
it  tappoaed  to  be  counterpoised  in  each  case  by  a  constant 
weight  prepared  for  the  purpose).  The  amount  of  this 
wtif^ty  W  (required  to  restore  the  equilibrium),  is  the  weight  ol'  a 
of  the  liquid  displaced  by  the  tabe.  But  the  wei|^ht  of  the 
>7» 
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3ame  Tolume  of  water  is  known  (C)  Ilenoe  the  speeifio  gravity  of  Um 
liquid  18  -^. 

Example.— A  glass  tabe,  like  fig.  163,  lost  in  water  2-9910  grains  =  C,\m 

W 

•80511  =  Sp.  Or.  of  the  alcohol. 


alcohol  it  lost  2*4081  ; 


W.  — 


211.  Specific  gravity  bottle. — For  liquids. — ^When  it  is  required 

to  determine  the  specific  gravity  of  a  liquid,  the  specific  gravitj  bottle 

offers  the  easiest  and  most  simple  method.    Such  164 

a  bottle  is  shown  in  fig.  164.    It  is  closed  by  a 

ground  glass  stopper,  and  the  neck  is  drawn  out 

to  a  fine  tube  (the  upper  portion  of  which  serves 

for  a  funnel  in  filling  the  bottle),  upon  which,  at 

A,  is  traced  a  fine  line  to  which  the  bottle  is  to  be 

filled  at  each  experiment    The  tare  of  the  bottle 

is  accurately  determined  and  noted  once  for  all. 

It  is  then  filled  to  A  with  pure  water  and  weighed 

again.   This  weight  less  the  tare  gives  its  capacity 

of  water  at  a  fixed  temperature.     To  determine 

the  specific  gravity  of  any  other  liquid,  the  bottle 

is  filled  with  it  and  weighed  as  before.    Deducting 

the  tare  of  the  bottle,  we  now  know  the  weight  of 

a  volume  of  the  liquid  equal  to  the  same  volume 

of  water.     Representing  these  two  weights  by  fP 

W 
and  W,  we  have  (Sp.  Gr.)  =  j^.      In  all  cases, 

the  result  must  be  reduced  to  a  standard  tempera- 
ture as  described  in  the  Chapter  on  Heat. 

For  wlidsy  when  broken  in  small  fragments, 
we  may  also  use  the  specific  gravity  bottle.  In  this  case  the  weighi 
of  the  bottle  when  empty,  and  also  when  filled  with  pure  water,  being 
known,  a  known  weight  of  the  solid   in  fragments  is  165* 

introduced,  as  in  fig.  165.  Calling  the  weight  of  the 
bottle  and  water  =  Wa,  and  the  weight  of  the  solid  added 
Tf,  and  the  weight  of  the  bottle  solid  and  water  WT>,  it  is 
plain  that  the  weight  of  water  displaced  by  the  solid  is 
W^  =  Wa+  W^  Wby  and  that  the  specific  gravity  of 

the  solid  is 

W 
(Sp.  Gr.)  -  ^^  ^    W^Wb' 

This  value  must  be  corrected  for  temperature  sm  before. 
Jhr  Jioh'ds  sofuhle  in  waUr  we  must  employ  %ome  Il(\uid 
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Ib  wLieti  the  mbstanoe  ia  inadable,  aa  alocAol,  oil  of  tarpoDtine,  Ac. 
The  spedfte  gravity  Urns  determined  is  reduced  to  the  standard  of  water 
hj  moltiplyiiig  it  by  the  known  denutj  of  the  liquid  employed ;  thus,  for 


nple. — A  soMaaae  •oloUe  in  water  wai  weighed  in  oil,  and  iu  speoifle 
grmwitj,  eompaved  with  the  oil,  wai  2't,  the  ■peeiflc  fraTity  of  the  oil  wm  '87 ; 
tten  2-f  X  '87  =£  2'263  the  speeiflo  grarity  of  the  sabs tanoe. 

212  Bpeolflo  gxmvitien  bj  hydrometen  or  nreooMten. — ^In 
ihia  mode  the  balance  is  replaced  bj  floating  bodies  called  hydrometers 
or  areometers.  There  are  two  classes  of  these  instruments,  namelj, 
firsty  kfdrowMtert  wUh  a  eonstani  volume;  and,  second,  hydrometers  wUh 
aeonatmUwe^^ 

1.  Hiolurfaon'a  hydrometer  or  areometer  is  an  instrument  of  the 
fint  dasa,  osed  for  determining  the  specific  grayity  of  solids.  It  consista 
of  a  hollow  cylinder  of  metal  or  glass,  B,  fig.  166,  having  attached  at 
its  lower  end  a  cone,  C,  loaded  with  lead,  which  causes  the  apparatus 
to  assume  an  upright  position  when  placed  in  water.  166 

The  upper  part  of  the  cylinder  is  terminated  by  a 
slender  rod,  on  the  end  of  which  is  a  small  pan,  A, 
for  holding  weights.  The  whole  apparatus  must 
bare  a  less  specific  gravity  than  water,  so  that  a 
certain  weight,  represented  by  C,  must  be  put  in  ^e 
pan  to  sink  the  areometer  to  the  water  mark,  0.  If 
we  wish  to  determine  the  specific  grayity  of  a  solid 
(whose  weight  must  be  less  than  C),  we  place  it  in 
the  pan  A,  and  add  weights  until  0  is  brought  to 
the  IcTcl  of  the  water.  The  weight  C,  minus  the 
weights  last  added,  will  be  the  weight  of  the  body 
in  air.  It  is  now  taken  from  A,  and  placed  in  C ;  the  , 
additional  weight  now  required  to  sink  the  cylinder  ^ 
to  the  index,  0,  will  be  the  weight  lost  in  water. 
We  haTC  now  the  data  for  determining  the  specific  gravity  of  the  solid. 

For  example,  if  the  counterpoise  weighed  250  grs.,  and  a  mass  of 
lead  whoee  specific  gravity  we  wish  to  ascertiun,  requires,  when  placed 
in  A,  50  grs.  to  be  added  in  order  to  bring  the  hydrometer  to  the  point 
0,  then  (250—50)  200  is  the  weight  of  the  lead  in  air;  placing  now 
the  lead  on  C,  we  find  that  it  requires  the  addition  of  17*47  grs.  on  A, 
in  order  to  counterbalance  the  instrument ;  consequently  the  specific 
gravis  of  the  lead  is  11'45.  iV^t  =  li'^-  1^  ^®  substance  is  lighter 
than  water,  it  is  confined  under  a  perforated  cover  or  wire  cage  placed 
-«i  0,  which  prevents  its  rising. 
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If  we  represent  these  successive  weights  by  C,  W,  and  IP,  then  io 
any  case 

(%  Or.)  =  -j^. 

a.  Fahrenheit^*  hydrometer  is  the  same  instmment  (omitting  the  lower  pan) 
constructed  of  glass  and  designed  to  measure  the  speciflo  gravity  nf  liquids. 
Knowing  (by  the  balance)  the  oonstuit  weight  (C7)  of  the  instrument,  and  also 
the  weight  (e)  required  to  sink  it  to  a  fixed  point  on  the  stem — the  sum  of  which 
weights  (by  210)  is  equal  to  the  weight  of  the  water  displaced.  VVe  have  only 
to  float  it  in  any  liquid  whose  specific  gravity  we  would  ascertain,  and  note  the 
weight,  Wf  required  to  sink  it  to  the  fixed  point  on  the  stem.  The  weight  of 
the  liquid  displaced  is  then  C  -\-  W,  and  since  C  -{-  c  and  (^  -{-  IK  are  the 
weights  of  equal  volumes  of  water  and  of  the  liquid,  the  specific  gravity  of  the 
liquid  is  found  by  dividing  the  latter  by  the  former,  or  {Sp.  Or,)  =  (C  -|-  W)-i- 
iC  r   c.) 

b.  Jiou9Hean'§  hydrometer  is  a  form  of  this  instrument  adapted  to  determining 
the  specific  gravities  of  liquids  of  which  we  possess  too  small  a  portion  to  float  s 
common  hydrometer.  For  this  end,  a  cup  of  glass  replaces  the  pan  A,  which  holds 
say  one  cubic  centimetre.  Thus  loaded,  the  instrument  sinks  to  a  point  marked 
20°  near  the  middle  of  the  stem.  The  stem  is  divided  between  this  point  and 
sero  into  twenty  equal  parts,  each  of  which  consequently  measures  one-twentieth 
of  a  gramme  or  0*05  gramme.  The  specific  gravity  of  a  liquid  is  then  found  by 
this  instrument  by  multiplying  0*05  by  the  number  of  the  division  to  which  it 
sinks  when  loaded  with  one  cubic  centimetre  of  the  liquid  used. 

2.  Qay  LaBBac*«  and  Beaame's  hydrometers  are  instruments 
haying  a  constant  weight,  and  by  which  we  determine  the  specific 
gravity  of  a  liquid  by  measuring  the  volume  of  fluid  displaced  by  the 
floating  instrument — ^which  weight,  as  we  ha>e  seen,  is  the  same  as  the 
weight  of  the  instrument  itself.  But  we  have  shown  (99),  that  for 
equal  absolute  weights  the  specific  weight  is  inversely  as  the  volume  or 
(Sp.  Or.)  =  P"  -J-  r,  where  P  equals  the  volume  of  water  displaced  by 
the  instrument,  and  Fthe  volume  of  any  other  liquid  displaced  by  it. 
In  other  words,  we  can  find  the  specific  gravity  of  any  liquid  by  divid- 
ing the  volume  of  a  given  weight  of  water  by  the  volume  of  the  same 
weight  of  the  liquid  whose  specific  gravity  is  required. 

Instruments  of  this  class  are  very  common  and  in  constant  use  for 
determining  the  specific  gravity  of  alcohol,  acids,  alkaline  solutions, 
urine,  milk,  and  many  other  liquids.  Figs.  167  and  168  show  the  form 
of  Gay  Lussac's  densimeter,  as  it  is  oflen  called.  It  is  a  glass  tube  con- 
taining enough  mercury  in  the  lower  end  to  cause  the  tube  to  float  in 
pure  water  at  the  hundreth  division  of  a  scale  of  equal  parts  traced  on 
paper  and  sealed  up  inside  the  tube.  If  it  displaces  100  measures  of 
water,  floated  in  sulphuric  acid  it  displaces  only  54  measures,  and 
therefore  the  specific  gravity  of  sulphuric  acid  is  100  -»-  54  =  1*86. 
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Fw  flniik  lip^btar  tfaan  imtar,  the  gndnalioii  it  CArried  op  saj  to  1G6 
(m  w%  know  of  no  liquid  of  a  leas  speoidc  grmvity  than  0*60).  Then 
plaeed  in  pore  aleohol  it  rises  say  to  125  degrees,  or 
thespeeifiograTityof  aloohol  is  100 -*- 125  =r  0*80. 
By  pring  the  InstromeDt  the  fonn  shown  in 

fi|^  168,  moeh  needless  length  is  sayed  on  the 

ftem,  since  the  hall  is  so  placed  as  to  he  always 

immersed,  and  its  buoyancy  is  equal  to  that  of  a 

mncfa  greater  length  of  tube.    The  scales  are  abo 

usually  divided  among  the  instruments — one  for 

liquids  lighter  than  water,  on6  for  specific  grarities 

from  1-  to  1*38  (corresponding  to  100  to  75),  and 

tnotiber  readuig  from  75  (corresponding  to  1*33)  at 

the  top  down  to  50  (corresponding  to  2*06)  near  its 

middle.  These  instruments  are  not  of  scientific  acou- 

TMy,  but  are  ready  modes  of  determining  off-hand 

the  approximate  specific  graTity  of  a  given  liquid. 
The  scales  of  Beaum6  (that  most  in  use),  as  well 

M  those  of  Cartier  and  Beck,  are  purely  arbitrary. 

Table  V.  at  the  end  this  volome  shows  the  corres- 
pondence of  their  degrees  to  real  specific  gravities.      i^ 
Table  YI.  gives  the  specific  gravity  of  some  of  the 

Qiore  frequently  occurring  liquids  and  solids. 

{  2.  Hydzaulica. 

I.    MOTION   07   LIQUIDS. 

213.  Definition. — Hydraulics  (from  the  Greek  6dwp,  water,  and 
jeitf^,  a  pipe),  is  that  part  of  hydro-dynamics  which  treats  of  th(  flow 
and  elevation  of  liquids,  especially  water,  and  the  construction  of  all 
kinds  of  instruments  and  machines  for  moving  them,  or  to  be  mov«d  by 
them.  Hero  of  Alexandria  (about  130  b.  c.)  appears  to  have  been 
the  earliest  author  on  this  subject. 

214.  Praaaure  of  liquida  upon  the  containing  vessel. — ^A  vessel 
fiUsd  with  water,  or  any  other  liquid,  and  closed,  is  subject  to  two  pres- 
sures acting  in  opposite  directions :  namely,  1.  The  atmospheric  pres- 
sure, acting  from  without  inwards ;  and  2.  The  pressure  of  the  column 
of  contained  liquid  acting  against  the  walls.  If  a  vessel  so  situated  is 
fuerced,  and  the  pressure  from  within  outwards  is  stronger  than  the 
external  pressure,  the  liquid  will  flow  out ;  but  if  the  external  pnsssur* 
ii  the  stronger,  the  liquid  vrill  not  escape. 
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Tbif  statement  may  be  illustrated  by  filling  a  glass  ▼essel,  tm  a  wine-glaa^ 
with  water,  placing  a  piece  of  paper  over  its  top,  and  supporting  the  paper  with 
tbe  hand,  at  the  same  time  inverting  the  glass ;  then  removing  the  hand  frooi 
the  paper  and  holding  tbe  glass  inverted,  the  fluid  will  not  escape,  the  external 
(atmospheric)  pressure  against  the  paper  being  greater  than  the  weight  of  the 
column  of  water  pressing  downwards. 

The  mass  of  liquid  escaping  from  an  orifice  in  a  vessel,  ih  called  a 


215.  Appearance  of  the  sorfaoe  during  a  dis-  169 
charge.— The  surface  of  a  liquid,  discharging  itself 
from  an  orifice  in  a  containing  vessel,  does  not  usually 
remain  horizontal. 

When  the  vein  issues  from  an  opening  in  the  bottom 
of  the  vessel,  and  the  level  of  the  liquid  is  near  the  ori- 
fice, a  funnel-shaped  depression  is  found  in  the  liquid, 
fig.  169.  If  the  liquid  has  a  rotatory  movement,  the 
funnel  is  formed  sooner  than  if  it  is  at  rest.  If  the 
orifice  is  at  the  side  of  the  vessel,  there  is  a  depression 
of  the  surface  upon  that  side,  above  the  orifice,  fig.  ! 
173.  These  movements  depend  upon  the  form  of  the 
vessel,  the  height  of  the  liquid  in  it,  and  the  dimensions 
and  form  of  the  orifice. 

216.  Theoretical  and  actual  flow. — The  actual 
flow  from  an  orifice,  is  the  volume  of  liquid  which 
escapes  from  it  in  a  given  time.  The  theoretical  flow  is  a  volume 
equal  to  that  of  a  cylinder  which  has  for  its  base  the  orifice,  and  for  its 
height  the  velocity,  furnished  by  the  theorem  of  Torricelli.  That  is, 
the  theoretical  flow  is  the  product  of  the  area  of  the  orifice  multiplied 
by  the  theoretical  velocity. 

It  is,  however,  observed  that  the  vein  escaping  from  an  orifice,  con- 
tracts quite  rapidly,  so  that  its  diameter  is  soon  only  about  two-thirds 
of  the  diameter  of  the  orifice.  If  there  was  no  contraction  of  the  vein 
after  leaving  the  orifice,  and  its  velocity  was  the  theoretical  velocity, 
the  actual  flow  would  be  the  same  as  that  indicated  by  theory.  But  the 
section  of  the  vein  b  soon  much  less  than  at  the  orifice,  and  its  velocity 
is  not  so  great  as  the  theoretical  velocity,  so  that  the  actual  is  much 
less  than  the  theoretical  flow ;  and,  in  order  to  reduce  this  to  the  first, 
it  is  necessary  to  multiply  it  by  a  fraction  which  is  named  "  the  co-effi- 
cient of  contraction." 

From  comparative  experiments,  made  by  a  great  number  of  obeenrers, 
the  actual  flow  has  beea  determined  to  be  only  about  two-thirda  of  tht 
theoretical  flow. 
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V  th«  flowt  F,iB%  vnit  of  tiaiAr  !•  ealeuiated  bj  the  fomnila  Fmm 

««%  vlMM  M  it«  ooutMil^  fgpwtmUngHhe  imtio  between  tlie  aetiud  ud  theo- 

or  flow;  In  other  wordf,  between  the  area  of  the  orifiee  and  the 

I  of  iha  aeelioa  of  gieatiet  eontraetion  in  the  rein.    This  eoeffleient  of  eon- 

•■  MS;  uA  tluB  tiio  abore  formnla  beoomes 

Fmrnt-tt.    •|/^  =  2r6«|/S 

SB  the  ■ectioaal  area  of  the  oriflea. 

The  eontraetioii  of  the  Tein  is  moat  noticeable  in  downward  flowing 
jeti.    If  the  jet  is  thrown  upwards,  at  an  angle 
of  25®  to  45^  the  vein  presenres  its  own  diameter ; 
but  if  it  aarpasees  45®,  its  section  incroases. 

By  supending  solid  partioles  in  the  water,  the  oar- 
nata  thai  are  formed  bj  an  eseaping  rein  are  made 
riiibla.  The  solid  partides  direet  themselTes,  in  ennred 
Uaes,  towards  and  into  the  oriflee,  as  a  centre  of  attrao- 
tion,  fig.  171.  The  partieles  in  immediate  contact  with 
tbe  orifice,  owing  to  friction,  not  moving  so  easily  as 
those  near  the  axis,  contraction  mast  result;  we  can  see 
ilso,  that  graTitj,  by  accelerating  the  Telocity,  mast  cause  continual  decrease 
in  the  section  of  the  jet 

217.  Reaction  of  the  escaping  vein. — Barker's  mill.— When  a 
jet  of  liqaid  escapes  from  an  orifice  in  a  containing  vessel,  the  pressure 
of  the  liqaid  upon  tbe  walls  at  the  point  of  172 

escape  finding  no  counteracting  force,  the 
horizontal  component  of  the  column  is  not  de- 
stroyed as  when  the  opening  is  closed ;  and  this 
force  reacts  to  thrust  the  vessel  in  a  direction 
opposite  to  that  of  the  escaping  vein. 

This  reaction  is  made  sensible  by  suspend- 
ing the  containing  vessel  on  a  free  vertical 
axis,  as  in  the  apparatus  known  as  Barker's 
Mill,  fig.  172.  The  orifices  of  escape  for  the  vein 
are  here  in  tbe  ends  of  a  horizontal  pipe  bent 
at  right  angles,  and  in  opposite  directions, 

formed  as  seen    at  AB,  where    the  arrow 

shows  the  point  of  reaction  of  the  escaping 
TMn  npon  the  end-wall  of  the  tube. 

It  might  be  supposed,  as  was  assumed  by  Newton,  that  the  moving 
fivoe  in  this  ease  was  only  the  horizontal  component  of  a  force  equal 
to  a  column  of  liquid  whose  base  was  equal  to  the  area  of  the  orifice, 
and  whumB  height  was  the  distance  of  its  centre  of  gravity  from  the 


176  THE  THREE   STATES  OV   MATTER. 

level.  But  the  effects  from  pressure  are  not  the  same  for  a  liquid  in 
motion  as  when  in  equilibrium ;  and  D.  Bernoulli  has  demonstrated — 

That  it  iSf  in  this  case,  requisite  to  estimate  the  force  of  reaction  as 
double  the  height  of  the  liquid  above  the  centre  of  gravity  of  the  orifice. 

This  principle  is  applied  in  the  construction  of  reaction  water- 
wheels. 

218.  Flow. — The  volume  of  liquid  escaping  in  a  given  time  from  an 
orifice  is  called  \\»Jlou),  This  depends  on  the  size  of  the  opening  and 
the  velocity  of  the  jet.  Assuming  the  motion  of  the  jet  to  be  uniform 
for  a  given  time,  say  one  second,  the  distance  passed  over  by  an  escap- 
ing molecule  in  this  time  is  called  its  velocity.  The  velocity  depends 
chiefly  on  the  height  of  the  liquid  above  the  centre  of  gravity  of  the 
orifice ;  this  height  is  called  the  head  or  column. 

The  velocity  of  flow  is  modified  among  other  causes  also  by  the  friotioii  of  the 
liquid,  both  at  the  opening  and  against  the  walls.  When  the  aperture  is  made 
in  a  very  thin  wall  of  a  large  vessel,  so  as  to  reduce  as  much  as  possible  the 
causes  tending  to  modify  the  motion  of  the  escaping  fluid,  the  laws  of  the  escape 
are  comprised  in  the  following  theorem,  announced  by  Torricelli,  in  1643,  as  a 
consequence  of  the  law  of  falling  hodies  discovered  by  Galileo. 

219.  Theorem  of  Torricelli. — Liquid  molecules,  flowing  from  an 
orifice,  have  the  same  velocity  as  if  they  fell  freely  in  vacuo,  from  a  height 
equal  to  the  veiiical  distance  from  the  surface  of  the  liquid  to  the  centre 
of  gravity  of  the  orifice. 

If  U  represents  the  height  of  the  head  above  the  centre  of  gravity 
of  the  orifice,  then  the  velocity  is  expressed  by  the  formula 


F=  ^2gH, 

Deductions  from  the  Torricellian  Theorem. — 1.  The  velocity 
depends  on  the  depth  of  the  orifice  from  the  surface,  and  is  independent 
of  the  density  of  the  liquid. 

Water  and  mercury  in  vacuo  would  fall  from  the  same  height  in  the 
same  time ;  and  so  escaping  from  an  orifice  at  the  same  depth,  below 
the  surface,  would  pass  out  with  equal  velocity ;  but  mercury  being  13*5 
times  as  heavy  as  water,  the  pressure  exerted  at  the  aperture  of  a  vessel 
filled  with  mercury,  will  be  13*5  times  as  groat  as  the  pressure  exerted 
at  the  aperture  of  a  vessel  filled  with  water. 

2.  The  velocity  of  flow  of  liquids  from  an  orifice  is  as  the  square  roots 
of  the  head. 

Thus,  stating  the  velocity  of  a  liquid  escaping  from  an  orifice  one  foot 
below  the  surface,  to  be  one;  from  a  similar  orifice,  four  feet  below  the 
surface,  it  will  be  two;  and  at  nine  feet,  three;  at  sixteen  feet,  four;  and 
so  on. 
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Lai  H  itptawt  tiha  haii^t  of  th«  liquid  aiboTe  the  orillce,  $  the  fteeelentlng 
IbtM  of  gr»Tt|f,  Hid  •  Um  Ttloeitj  of  ditoh»rgo ;  wo  iboll  boTO  «  =  |/ wjf. 

220.  DMiioiistxatloii  of  the  tbeorem  of  ToixicellL — ^Tbe  theorem 
of  Torrieelli  maj  be  demonstrated  by  means  of  the  apparatus  shown 
at  %%,  173. 

A  oylladrieal  tsso,  a  c,  enlftrgod  into  a  nsorroir  at  the  top,  is  flUod  with  water. 
In  the  sido  of  the  rase  are  oriflees,  hy  l,m,n,  o,  §o  titaated  that  m  is  at  the 
eestre  of  a  e^  and  k  and  o  are  equidistant 
from  at,  as  are  also  I  and  n.  Let  x  repro- 
•eat  the  borisontal  range  of  a  spouting 
jet,  and  jr  the  height  of  the  oriflee  aboTO 
the  horisontal  line  a  6,  let  if  be  the 
height  of  the  water  abore  the  orifice, 
aad  •  the  angle  of  eloTation  of  the  diree- 
tion  of  the  Jet  as  it  issues  from  the  oriflee : 
theo  by  the  laws  of  Ailing  bodies  (71), 
esmbined  with  the  laws  of  projectiles 
(103)  we  shaU  hare 

«  =  rC  ooi.  a,  and  y  =  ^(' — vt  sin.  a. 
Eliminating  f  from  these  equations,  we 
obtain 


H.)       J  =  , 


-X  tang.  a. 


2e*  cos." 
Wbcn  the  water  issues  borisontal  ly  from 


the  orifiee,  a  becomes  sero  and  y  = 


2r« 


-^ 


and 


(2.) 


w 


The  values  of  x  and  y  being  determined  by  obsenration  in  any  case,  the  Talue 
of  r,  or  the  velocity  with  which  the  jet  issues  from  the  orifice,  is  readily  calcu- 
lated by  formula  (2).  This  velocity  is  found  to  accord  very  nearly  with  the 
Telocity  which  a  body  would  acquire  in  falling  freely  from  a  height  equal  to  the 
bead  of  the  fluid  above  the  orifice. 

Bossnet  found  by  using  mercury  that  the  variation  from  this  value  of  v  was 
less  than  one  hundredth  part  of  the  velocity. 

There  is  a  remarkable  coosequence  of  this  law  which  may  easily  be 
Tmfied  by  experiment.  In  the  formula  for  the  value  of  x  replaciog  v 
by  its  value  W2gH  ^®  ^*^®  **  ^^  4fiy. 

(a).  The  value  of  x  is  the  greatest  possible  when  H=  y  =  }ac,  as  is 
shown  in  the  figure,  where  the  jet  issuing  from  the  centre  of  the  cylinder 
has  a  greater  range  than  any  jet  either  above  or  below  the  centre. 

(6).  Since  y  =  ac  — JI,  the  values  of  y  and  fl'may  be  interchanged 
without  altering  the  value  of  «;  that  is,  two  jets  issuing  from  orifices  at 
equal  distaneed  above  and  below  m  meet  the  horiiontal  line  a6  at  the 
18 
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aame  point  as  is  shown  in  the  figure  where  the  jets  issuiog  from  k  and 
o  have  the  same  range,  and  also  the  jets  I  and  n. 

The  value  of  x  and  y  boiog  determined  by  observation,  the  value  of  v,  or  the 
velocity  of  the  jet,  becomes  known  by  the  formula  (2). 

221.  The  inch  of  water  named  by  hydraulic  engineers  aa  the  unit 
of  measurement  in  the  scale  of  water,  is  the  volume  of  water  which 
escapes  in  a  given  time,  say  one  minute,  through  an  orifice  of  one  inch 
diameter  whose  centre  is  one  and  one-twelfth  inches  below  a  oonstant 
surface. 

Pront  has  harmonised  this  unit  with  the  French  metrical  system  by  employ- 
ing a  pipe  of  two  centimetres  internal  diameter  and  17  millimetres  long,  under  a 
head  of  two  centimetres.  He  preserves  the  term  inch  of  water,  restricting  it  to 
the  quantity  of  water  escaping  in  one  minute  from  such  an  opening,  equal  to 
13-333  litres,  or  11*766  quarts.  In  24  hours  this  orifice  will  fomish  20  enbio 
metres,  equal  to  4,402  gallons  English  measure. 

222.  Constitution  of  liquid  veins. — The  form  and  oonstitntion 
of  liquid  veins  have  been  studied  by  a  great  number  of  experimenters. 
The  results  of  F.  Savart,  and  more  lately  of  G.  Magnus  (Poggendorff 
Annalen,  cvi.,  p.  l)i  are  those  here  given. 

It  is  determined,  1.  That  if  a  liquid  vein  issues  quite  calmly  and 
vertically  downwards,  from  a  circular  orifice  in  a  plane  and  thin  hori- 
zontal wall,  no  movement  of  rotation  existing  in  the  mass  of  the  liquid, 
such  a  stream  forms  a  continuous  perfectly  smooth  cylindrical  mass, 
the  diameter  of  which  diminishes  with  the  distance  from  the  orifice  to 
the  point  where  disintegration  commences.  From  this  point  the  vein 
assumes  a  turbid  appearance,  enlarges  in  diameter,  and  commences  to 
spirt  off  small  drops  laterally. 

2.  If  the  mass  of  liquid  is  in  rotation  in  the  vase,  or  any  cause  of 
vibration  exists,  as  from  the  sounding  of  a  musical  note,  then  the  vein 
is  separated  into  two  distinct  parts,  fig.  174.  The  portion  nearest  the 
orifice  is  calm  and  transparent,  like  a  rod  of  glass,  gradually  decreasing 
in  diameter.  The  second,  on  the  contrary,  is  constantly  agitated,  and 
takes  an  irregular  form,  in  which  are  distributed,  at  regular  distances, 
elongated  swellings,  called  *' ventral  segments,''  whose  maximum 
diameter  is  greater  than  that  of  the  orifice :  while  the  position  of  the 
first  swelling  is  always  much  nearer  the  orifice  than  the  point  where 
the  jet  without  swellings  commences  to  become  turbid. 

Magnus  found  that  the  best  means  to  produce  these  ''  ventral  segments"  were 
a  large  tuning  fork  sounding  G  below  the  line — and  the  monotonous  hum  of  the 
magnetic  hammer  or  break-piece  used  in  electro-magnetic  apparatus. 

3.  The  swellings  consist  of  separate  isolated  masses  of  water,  as 
shown  in  fig.  175.  However  regular  their  external  form  may  be,  they 
are  still  formed  of  separate  masses,  as  may  be  readily  distinguished  bj 
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hoUittg  «  fMM  of  win  in  the  hand  so  that  one  of  its  ends  penetrates 
a  littla  waj  into  the  jet  A  nnifonn  pressure  is  ftlt  when  the  wire 
is  stmcik  bj  the  smooth  pari  of  the  stream,  bat 

when  stm^  by  a  swelling  a  strong  ribratory  and 

itttarmitdng  asotion  is  felt    Tlie  separate  masses 

oi  water  forming  the  swelling,  clearly  oommuni- 

cste  this  motioa  to  the  air,  and  thos  disturb  the 

isme  of  ft  gas  jet  broaght  near  them,  which  the 

■aooih  part  of  the  stream  does  not  do. 
BaTsrC  Ibond  that  the  swellings  are  fbnned  of 

diiweminafed  gbboles,  elongated  in  the  transrerse 

dirsetion  of  the  Toin,  and  that  the  contractions  or 

ksots  are  formed  l»f  globoles,  elongated  in  the 

loogitndinal  waj,  fig.  175:  also  that  the  limpid 

ptft  of  the  Tein  is  formed  of  annular  swellings 

which  originate  yerj  near  the  orifice,  propagating 

tbemselTce  at  unequal  interrals  to  the  troubled  , 

part,  where  thej  separate,  of  the  same  form  at  the 

instant  of  their  separation,  but  changing  periodi- 

eaUy. 

4.  The  "rentral  segments''  are  prodaced  by 
the  Tibration  of  the  orifice  through  which  the 
vater  flows,  and  they  change  with  the  strength 
of  the  note  producing  the  Tibration,  as  well  as 
with  the  diameter  of  the  orifice. 

The  rein  itself  occasions  a  tone,  partly  be- 
cause its  single  separate  masses  of  water  set  the 
adjacent  air  in  motion,  but  especially  by  the 
impact  of  these  masses  upon  some  sonorous  or  elastic  substance.  Where 
the  orifice  is  made  of  caoutchouc,  and  this  is  carefully  insulated  by  woolen 
pads  from  the  bottom  of  the  vase,  not  even  the  loud  tone  of  a  heavy 
tuning  fork  on  a  sounding  box  (377)  sufficed  in  Magnus's  experiments  to 
cause  the  production  of  ventral  segments.  Without  such  precautions 
they  are  often  set  up  spontaneously  by  vibrations  communicated  from 
the  fiilling  stream  through  the  solid  parts  of  the  appsratus. 

To  obferv«  the  eonstitution  of  the  swellings,  Msgnus  used  a  revolTing  card 
pOTforated  by  a  narrow  radial  slit,  like  the  toy  known  as  the  anorthoscope, 
lUaminathig  the  stream  by  a  lamp,  bat  the  details  of  his  results  exceed  onr  space. 

5.  If  the  vein  flows  from  a  very  small  orifice  (less  than  a  millimetre), 
the  small  drops  into  which  the  stream  breaks  up  move  quite  irregularly. 
Boi  on  sounding  a  note  the  drops  arrange  themselves  in  groups  with 
fi«at  ngnlarity— a  eertain  Damher  always  follow  each  other  \mm«- 
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diately — a  somewhat  greater  interral  succeeds,  and  then  the  former 
grouping  of  drops  occurs  again. 

So  in  a  stronger  stream,  under  the  power  of  a  harmonion's  note,  the  swellingt 
and  knots  assume  more  regularity,  and  usurp  the  transparent  part,  which  almost 
entirely  disappears — the  flow  of  the  liquid  from  the  orifice  remaining  the  mib« 
as  at  first. 

6.  The  constitution  of  veins  thrown  out  in  any  direction  is  essentially 
the  same ;  but  the  number  of  pulsations  is  diminished  in  proportion  as 
the  vein  is  projected  more  vertically  upwards. 

223.  Eaoape  of  liquida  through  short  tubes. — Short  tubes  (called 
adjutages)  are  often  placed  in  an  orifice  to  increase  the  flow.  They  are 
either  cylindrical  or  conical.  If  the  vein  pass  through  the  tube  without 
adhering  to  it,  the  flow  is  not  modified;  if  the  vein* adhere  (the  liquid 
wetting  the  interior  walls],  the  contracted  part  is  dilated,  and  the  flow 
increased.  In  the  last  case,  and  with  a  cylindrical  adjutage,  its  length 
not  being  more  than  four  times  its  diameter,  the  flow  is  augmented 
about  one-third.     , 

Conical  adjutages  converging  towards  the  exterior  of  the  reservoir, 
increase  the  flow  still  more  than  the  preceding,  the  flow  and  velocity  of 
the  vein  varying  with  the  angle  of  convergence.  Conical  adjutages 
diverging  towards  the  exterior,  give  the  greatest  flow.  They  may  give 
a  flow  2 — 4  times  as  great  as  that  which  an  orifice  of  the  same  diameter 
in  a  thin  wall  furnishes,  and  1*46  times  greater  than  the  theoretical 
flow. 

Practically,  the  flow  during  a  second  fVom  cylindrical  ac^utages  of  a  length 
three  and  a  quarter  times  the  diameter,  is  found  by  the  formula, 

F  =  0*82  a-\/2gH  =  3*62  t]/^;  •  being  the  area  of  the  tube  and  iJthe  bead. 

224.  Escape  of  liquida  through  long  tubes. — ^When  a  liquid 
passes  through  a  long  straight  tul)e,  the  velocity  of  the  flow  soon  dimi- 
nishes greatly  owing  to  the  friction  between  the  liquid  particles  and 
the  walls.  Bends  or  curves  in  the  tube  increase  the  loss  in  velocity,  for 
the  same  reason.  The  discharge  thus  becomes  very  much  less  than  it 
would  be  from  an  orifice  in  a  thin  wall,  and  to  obviate  this  evil  the  tube 
is  generally  inclined ;  the  liquid  then  passes  down  an  inclined  plane,  or 
it  is  forced  through  by  pressure,  applied  at  tlie  opposite  end. 

Formulae. — The  discharge,  2>,  per  second  through  straight  tubes  of  uniform 
diameter  entirely  open  at  the  end  may  be  determined  by  the  formula, 

20.8     '     '^''^ 


bid 
In  which  H  is  the  height  of  the  water  above  the  orifice  of  discharge^  d  the 
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Mlv,  wmA  f  Hkm  hmgSk,  «r  Ite  tabs.  AU  these  qnaiititiei  atb  to  be  taken  in 
fM.  TlMfbnnUfiTeetheTalaeori>ineaWenielree,whiehnia7beTedneed 
imAmtff  mmim^  (Stl)  \j  moltipljring  the  reenlt  by  76.  This  ibmraU  wae 
m  ixylMito  of  ^jtatwatn.  Vhen  the  tabe  U  reiy  long,  w« 
M4  M  iBj  —11  b  cwpilwn  with  ^  and  the  fonnvla  to  deter- 
ttiBrtar  fafiihi<'«»ttnh*fi  •  gtren  TolnoM  of  liqnld  i% 


ilsMM. 


The  Tvloel^  of  the  diadiaige  ia  giTon  bj  the  fomralay 


for  long  tnbea 


the  term  bid  may  be  negleeted,  and  modiiying  the  ooefielei&t 
with  the  reralU  obtained  by  Prony  with  tnbee  S280  metrea  long. 


9  =  2«-W. 


225.  Jets  of  water. — As  the  yelooity  of  a  liquid  eacaping  from  an 
urifice  is  the  same  as  that  which  a  bodj  acquires  falling  from  a  height 
equal  to  the  distance  from  the  surface  of  the  liquid  to  the  orifice,  a  jet 
of  water  spouting  upwards,  should  rise  to  176 

the  lerel  of  the  liquid  in  the  resenroir.  But 
this  never  quite  takes  place,  fig.  176,  be- 
cause of — 1st,  the  friction  in  the  conducting 
tubes  destroying  the  Telocity — ^2d,  the  re- 
sistance of  the  air — 3d,  the  returning  water 
falling  upon  that  which  is  rising.  The 
height  of  the  jet  is  increased  by  having  the 
orifices  rery  small,  in  comparison  with  the 
conducting  tube ;  piercing  them  in  a  very 
thin  wall,  and  inclining  the  jet  a  little,  thus 
avoiding  the  effect  of  the  returning  water. 

It  haa  been  determined  that  the  differenoefl  between  the  height  of  yertical  jeta 
and  thai  of  the  reeenroirs  are  approximately  as  the  squarea  of  the  height  of  the 
Jeta-  Bzperiment  haa  assigned  the  number  0*01  as  the  coefficient,  and  the  for- 
aula  which  gives  the  height,  A,  of  a  jet  ander  a  head  represented  by  //,  is 
H  —  i  »  0-fli*: — ^the  unit  of  measure  being  the  French  metre. 

If  air  ia  mingled  in  the  water,  the  mixture  being  lighter  than  water,  the  Jet 
can  be  made  to  rise  higher  than  its  souree. 

226.  PrMsnre  exerted  by  liquids  in  motion.— When  a  liquid  is 
in  motioD,  either  in  a  conduit  tube  or  an  M^ljutage,  the  pressure  it  exerts 
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on  the  walls  is  not  the  same  as  it  is  in  equilibrium,  and  generally  it  if 
less,  as  the  velocity  of  flow  is  greater. 

If  the  effective  velocity  is  177 

equal  to  theory,  the  interior 
pressure   upon   the  walls  of 
the  adjutage  will  be  equal  to 
the  statical    pressure    in    a 
state  of  equilibrium.    As  the 
effective    velocity    increases, 
the   interior   pressure    upon 
the   walls  of   the    adjutage     [ 
becomes  less  than  the  pres-     in- 
sure in  a  state  of  equilibrium,  and  it  may  even  become  less  than  the 
external  atmospheric  pressure,  but  it  can  never  become  null. 

This  principle  may  be  demonstrated  by  the  apparatus  shown  in  fig. 
177,  where  a  bent  tube,  m  n,  is  inserted  into  a  cylindrical  adjutage,  and 
when  the  lower  end  is  placed  in  a  vessel  of  water,  as  shown  in  the 
figure,  the  fluid  will  mount  up  in  the  tube  to  a  certain  point  n. 

If  the  tube  mn  is  not  too  long,  the  water  will  mount  up  and  enter 
the  adjutage,  and  flow  out  with  the  jet.  But  the  fact  that  the  water 
will  not  mount  over  in  the  tube  m  n,  unless  it  is  very  short,  proves  that 
the  external  atmospheric  pressure  is  always  opposed  by  a  certain 
amount  of  internal  pressure.  It  may  also  be  shown  that  the  interior 
pressure  never  becomes  null,  but  that  there  is  merely  a  diminution  of 
pressure,  by  placing  the  apparatus  in  a  vacuum,  when  the  water  will 
flow  out  in  the  direction  mn. 

2S1,  Velocity  of  rivers  and  streamB. — The  velocity  of  streams 
varies  very  much.  The  slower  class  of  rivers  have  a  velocity  of  less 
than  three  feet  per  second,  and  the  more  rapid  as  much  as  six  feet  per 
second,  which  gives  respectively  about  two  and  four  miles  per  hour. 

The  velocities  vary  in  different  parts  178 
of    the  same   transverse    section   of   a 

stream,  for  the  air  npon  the  surface  of  ^^^^^^^^^^^^^^^^..^^ 

the  water,  as  well  also  as  the  solid  bottom  ^^^^^^^"^^^^^P^^y^ 

of  the  stream,  has  a  certain  effect  in  re-  "^— -              ■[        ^ 

tarding  the    current     The   velocity   is  c"^^ 

found  to  be  greatest  in  the  middle,  where  the  water  is  deepest,  fig.  178,  some* 
where  in  tn,  below  the  surface ;  then  it  decreases  with  the  depth,  towards  the 
sides,  being  least  at  a  and  6. 

Stream  meaaorers. — To  measure  the  velocity  of  streams,  various 
means  are  employed.  The  most  simple  is  a  glass  bottle  filled  with 
water,  sunk  just  below  the  level  of  the  current,  and  provided  at  the 
cork  with  a  small  flag,  that  stands  above  the  surface. 
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A  wheel  may  also  be  used,  furniahed  with  float-boards,  placed  in  the  stream 
lod  immersed,  so  that  the  whole  surface  of  the  boards  is  covered  with  water. 
Tbe  friction  io  this  case  is  very  small,  so  that  the  wheel  revolves  with  very 
oearlj  the  velocity  of  the  stream.  By  observing  the  number  of  revolutions  of 
tfae  vbeei  in  a  given  time;,  the  rapidity  of  the  current  is  measured. 

To  Moertain  the  velocity  at  different  depths,  the  simplest  instrument  is  Pictot's 
tobe.  It  eonsictfl  of  a  tube  bent  nearly  at  right  angles,  terminated  by  a  fnnnel- 
•liaped  month  :  the  upper  p*rt  of  the  tnbe,  above  water,  is  of  glass.  To  observe 
with  this  instrnmenty  it  is  sunk  with  its  funnel  up  stream  at  the  depth  where  its 
velocity  is  reqaired.  If  the  water  was  still,  the  height  of  the  column  within  and 
withoBt  the  tube  would  be  eqo^ ;  but  as  it  is  in  motion,  the  water  will  rise  in  the 
tobe  to  eoanterbalance  the  force  with  which  the  water  is  impelled  (Uie  impulse 
of  the  ■rm>m),  the  eolamn  of  water  in  the  tube  rising  higher  as  the  velocity  of 
tbeslieaBii  greater. 

II.    WATER-POWER  AND  WATER-WHEELS. 

228.  'Water-'wheels. — ^The  motive  power  of  water  is  of  extensive 
practical  importance,  from  the  number  of  machines  driven  by  water- 
wheels. 

229.  The  overshot  wheel. — Fig.  179  is  used  when  the  supply  of 
water  is  moderate  and  variable.  The  water  is  delivered  at  the  top  of 
the  wheel,  which  may  move  with  the  179 
hands  of  a  watch,  as  in  the  figure,  Sr  the 
reverse.  It  is  famished  with  buckets  of 
luch  a  shape  as  to  retain  as  much  of  the 
water  as  possible,  until  they  reach  the 
lowest  practicable  point  on  the  wheel,  and 
none  after  that  point.  In  this  wheel  the 
effect  is  produced  both  by  impact,  and  by  .. 
the  weight  of  the  water.  The  water  is 
received  as  near  the  summit  as  possible,  and  the  buckets  are  so  shaped 
as  to  retain  the  water  to  the  lowest  practicable  point  in  its  descent, 
corresponding  to  about  five  on  the 
face  of  the  watch. 

230.  The  undershot  wheel. — 
Fig.  180  receives  its  impulse  at  the 
bottom ;  it  is  furnished  with  float- 
boards  instead  of  buckets.  If  they 
are  placed  at  right  angles  to  the  rim 
of  the  wheel,  they  may  turn  either 
way.  When  the  wheel  is  required 
to  tarn  only  in  one  direction,  the 
float-boards  are  placed  as  in  the 
figure,  so  as  to  represent  an  acute  angle  towards  the  current :  the  water 
acts  then  partly  by  ite  weight. 
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The  breast- wheel. — Fig.  181  is  moved  both  by  the  weight  and 
tnomentum  of  the  water.  It  is  furnished  with  buckets,  formed  to 
retain  the  water  as  long  as  possible.  The  breast-wheel  is  the  fons 
most  generally  adopted,  as  it  allows  of  a  larger  diameter  for  a  giTon 
fall  than  the  overshot-wheel,  with  more  eoonomy  of  power  than  the 
undershot-wheel. 

A  more  distinct  idea  of  these  different 
water-whoels  may,  perhaps,  be  gained 
by  illustration  from  the  face  of  a  watch. 
In  the  breast-wheel,  the  water  may  be 
received  (according  to  the  desired  mo-  ■ 
tion  of  the  wheel)  between  eight  and 
eleven  o'clock,  or  between  one  and  four 
o'clock.  According  as  the  water  is  re- 
ceived above  half-past  nine  or  below 
half-past  three  on  the  watch,  the  wheel  f 
is  oalled  a  high  or  low  breast-wheel. 

231.  Boy  den's  American  Turbine. — ^The  turbine  is  a  horixontal 
water-wheel,  revolving  entirely  submerged,  and  is,  of  all  forms  of 
water-wheel,  the  most  energetic  ^apd  economical  of  power.  This 
machine  was  first  constructed  in  an  efficient  form  by  M*  Foumeyron  Id 
1827  as  the  result  of  experiments  commenced  in  18^ ;  but  the  honor 
of  perfecting  the  turbine  and  establishing  the  mathematical  principles 
by  which  it  may  be  adapted  to  every  variety  of  water-power,  whether 
ynth  high  or  low  fall  of  water,  in  both  small  and  large  streams,  is  due 
to  U.  A.  Boyden,  Esq.,  of  Massachusetts,  under  whose  direction  tur- 
bines have  been  extensively  introduced  in  the  cotton  manufactories  of 
Lowell  and  elsewhere.  Two  of  the  turbines  constructed  under  the 
superintendence  of  Mr.  Boyden  have  been  found  to  give  a  useful  effect 
to  eighty-eight  per  cent,  of  the  power  of  the  water  employed. 

The  water  enters  the  centre  of  the  wheel,  descending  in  its  vertical 
axis,  and  is  delivered  through  a  great  number  of  curved  guides  so 
arranged  that  the  water  enters  the  buckets  in  directions  nearly  tangent 
to  the  circumference  of  the  wheel.  The  water  is  received  by  the  curved 
buckets  in  the  direction  of  greatest  efficiency,  and  having  expended  its 
force,  it  escapes  from  the  wheel  in  a  direction  corresponding  very  nearly 
with  the  radii. 

The  upper  part  of  ftg.  182  shows  a  horizontal  section  of  the  turbine,  and  a 
perpendicular  section  is  shown  in  the  lower  part  of  the  same  figure*  Fig.  183 
shows  a  section  of  the  turbine  with  the  iron  sluice  and  other  attachments  as 
they  stand  in  the  wheel-pit.  The  letters  refer  to  the  same  parts  in  both  figures. 
K  K  is  a  stationary  disc  of  cas'.  iron  supported  by  the  disc  tube  M  M  made  fikst 
to  the  upper  curb  at  P.     The  curved  guides^  9999*  made  of  plate  iron,  are 
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leewvd  to  the  diae'Ky  sad  to  the  rim  L  L  above,  in  such  a  matiDer  aa  to  give 
the  leaat  passible  obstmetion  to  the  water  as  it  flows  through  the  guides  into 
the  rerolTing  wheeL  The  arrrows  show  the  course  of  the  water  through  the 
irott  slalce  B,  and  on  the  disc  through  the  guides  into  the  wheel.  The  wheel 
itself  eonsists  of  a  oentral  plate  of  cast  iron,  and  of  two  crowns  cece,  of  the 
Muae  materia],  between  which  are  the  carved  backets  6  6  6  6.  The  lower  crown 
is  firmly  secured  to  the  central  plate.  The  buckets  are  let  into  curved  grooves 
in  the  crowns,  and  have  tenons,  passing  through  mortices  in  the  crowns,  riveted 
above  and  below. 
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The  vertical  shaft,  dd,  is  made  of  cast  iron,  and  is  accurately  turned  in  evcrj 
part.  The  entire  weight  of  the  wheel  is  supported  by  a  series  of  collars  attached 
to  the  shaft  and  moving  in  the  suspension  box  e.  The  box  e  is  hung  upon  gim- 
bals at  A  (like  a  mariner's  compass),  supported  by  framework  resting  in  tbo 
masonry  of  the  wheel-pit  The  lower  end  of  the  shaft  is  steadied  by  a  pin  pass- 
ing into  the  step  i',  wbich  is  adjusted  by  a  screw.  JiH  is  a  cylindrical  gate  which 
drops  down  between  the  guides  and  the  movable  part  of  the  wheel,  to  regulate 
the  flow  of  water  according  to  the  amount  of  power  required.  Attached  to  tbo 
gate  are  the  brackets  SS,  connected  with  the  rackwork  and  endless  screw  shown 
at  W,  by  wbich  the  gate  is  raised  or  lowered.  A  self-regulating  adjustment  of 
Um  gate  is  secared  by  a  governor  not  sb»wn  in  the  figaro.     Ordinary  gcarlng» 
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i  to  ih»  appv  part  of  th«  ihsft»  oommniuMlM  Um  poww  of  Um  whMl  to 
tko  iBMhiiw^j  to  b«  Mv«k  The  eairod  iron  daiee  £  mU  upon  boMU  A*, 
•Mwtd  to  &•  t/umtuj  mf  tiio  whoal-pU  and  by  itanelMoni  JVM 

TarbinM  oiagr  b*  difidM  into  high  and  low  pressore  mmcbines.  High 
prBMOK  tortrfnea  are  adaptod  to  hillj  countrias  and  deep  miaes  where 
high  fSdk  of  water  naj  be  aommanded ;  in  these  eaaee  the  height  of 
the  eolomn  of  water  will  oompenaato  lor  the  amallneas  of  ito  Tolume. 
reaerroira  being  pronded  to  keep  ap  a  oonatant  aapplj. 

The  low  pgaaauro  tnrbuiea  prodooa  great  effect  with  a  head  of  water 

^oalv  nine  luehc^r  and  are  aaitable  for  aitoationa  in  which  a  large 
ae  of  water  fiovrs  with  a  amall  falL 

Thn  F«siiltA  of  ao  iuTe^tigation  bj  Arago^  Prony,  and  othera»  who  were 
^ipointiKl  by  the  French  Aoademj  of  Soiencea  to  report  spon  turbines, 
ara  as  ffjltows : — 

(If.  That  iUe4e  wheels  are  applicable  equally  to  great  and  small  lalls 
of  w^arT 

(2).  That  thej  transmit  a  useful  effect  equal  to  from  70  to  78  per 
eent.  of  the  total  moving  force  of  the  water  employed  (88  per  cent  has 
baoi  aacnrad  by  Boyden's  wheel). 

(3).  That  thej  will  work  at  very  different  velocities  abo?e  or  below 
that  eorreeponding  to  the  maximum  effect,  without  the  useful  effect 
Tarjing  materiallj  firom  that  maximum. 

(4).  That  thej  will  work  from  one  to  two  yards  deep  under  water, 
withont  the  proportion  which  the  useful  effect  bears  to  the  total  force 
Wbg  aensiblj  diminished. 

^)^  In  consequence  of  the  last-montioned  property,  they  utilize  at  all 
tfMia  Ihe  greatest  possible  proportion  of  power,  as  they  may  be  placed 
r  the  lowest  levels  to  which  the  water  surface  sinks. 

■Mthaoiatical  fomaUi  for  adapting  tarbines  to  erery  variety  of  water- 
and  moeh  other  valaaUs  tofonnatioiiy  will  be  found  in  a  treatife  on  the 
Bzperimmts  at  Lowell,  ^7  Mr.  J.  B.  Francis,  from  whose  work  the 
desariptkm  haa  been  prineipally  obtoined. 


ainOiFCULAB  FORCES  ACTING  BETWEEN  PARTICLES  OF  UNLIKE 

KINDS. 

I.    CAPILLARITT. 

tt2  Obaonratlon. — ^Definition. — ^The  complete  discussion  of  the 
lotfon  of  Ifolecniar  Forces  between  particles  of  unlike  kinds  belongs 
^pioprialaly  to  Chemical  Physics.  We  have  already  noticed  some  of 
tho  phanom— a  of  adhesion  properly  referable  to  this  section  (147 
«ad  Mknring).  li  now  remains  to  consider  briefly  those  special  cases 
I  aolgaet  whieh  affect  the  laws  of  fluid  equilibrium.  We 
r  ia  the  Pkemmena  of  CapiOariiy  and  JSndotmote. 
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The  laws  of  fluid  equilibriam  which  we  have  already  oonsidend 
apply  only  to  vessels  of  considerable  diameter,  in  which  the  eSecti  of 
adhesion  between  liquids  and  solids  (148)  may  be  safely  neglected. 

In  very  narrow  vessels,  and  particularly  in  tubes  of  small  bore,  ttn 
effects  of  this  kind  of  molecular  attraction  become  very  sensible.  Soeh 
tubes  are  called  capUlary  tubes,  from  capillus  a  hair,  in  allusion  to  the 
hair-like  fineness  of  their  bore.  The  effects  of  such  tubes  on  liqaidi 
are  distinguished  by  the  general  term  capillarity, 

233.  Oeneral  facta  in  capillarity. — If  tubes  of  small  bore,  open 
at  both  ends,  are  placed  vertically  in  water,  the  liquid  is  seen  to  moont 
both  in  the  tubes  and  on  the  outside,  fig.  184,  rising  higher  within  u 
the  tubes  are  smaller.  If  the  bore  is  over  half  an  inch  in  diameter, 
this  effect  is  not  very  sensible.  The  experiment  becomes  more  satis- 
factory if  made  in  communicating  vessels  (202),  of  which  one  branch 
is  much  narrower  than  the  other,  as  in  fig.  185.  Two  slips  of  glass 
plunged  in  water,  and  brought  near  each  other,  also  exhibit  the  effect 
of  capillarity.  In  narrow  communicating  vessels,  then,  the  laws  of 
equality  of  level  do  not  hold  good. 

If  the  experiment  is  tried  with  mercury  (which  does  not  wet  the 
glass)  there  is  a  depression  of  the  surface  of  the  liquid  both  within 
and  without  the  tube,  fig.  186,  and  this  becomes  greater  as  the  tubes 
are  smaller,  as  seen  in  the  two  branches  of  the  communicating  vessels, 
fig.  187.     In  a  greased  tube  water  is  similarly  depressed. 

185  184  186  187 


These  phenomena  are  independent  of  atmospheric  pressure— taking 
place  equally  in  a  vacuum  or  in  compressed  air.  They  are  also  inde- 
pendent of  the  thickness  of  the  walls  of  the  tube  (148),  but  they  vary 
with  the  material  of  the  tube,  and  with  the  nature  of  the  liquid. 

Thus,  in  tubes  of  the  same  internal  diameter,  placed  in  liquids 
capable  of  wetting  the  surface  of  the  glass,  the  elevation  is  different  for 
each  liquid.  In  tubes  of  0*0472  inch  diameter  of  bore,  water  rises  0*905 
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bdbcs  (or  aboat  4  inches  in  tubes  of  ji^  inch  bors),  essenie  of  terpen- 
dne  0*S85«  pore  aloohol  0'278,  whale  oil  about  the  same,  while  ether 
rise*  still  less.  In  some  liquids  the  elevation  is  scarcely  sensible,  while, 
as  we  have  seen  in  mercury  and  other  liquids  not  wetting  the  surface 
of  the  tabe»  there  is  a  depression. 

Fonn  of  the  anrfooe. — ^These  changes  of  level  are  accompanied  by 
a  ehaoge  of  fixrm  la  the  surface  of  the  liquid  in  the  capillary  column. 
It  is  eomeave  if  there  is  eleyt^on— plane  if  there  is  no  change  of  leveU 
and  eonres  if  there  is  depression.  The  first  case  is  called  the  concave 
menucus,  and  the  last  the  convex  meniscus. 

The  cause  of  these  phenomena  is  to  be  sought  in  the  mutual  action 
of  molecnlar  forces  (146)  and  of  gravity. 

A  a«edie  eorersd  with  gresse,  gently  pUoed  apon  the  water,  floate.  because, 
not  heing  moistened  by  the  liquid,  there  is  produced  a  depreuion  in  wbicL  it  is 
tupportod.  Thus,  many  insects  iralk  and  ikim  on  the  surface  of  water  without 
plunging  in.  Oil  and  other  burning-fluids  in  lamps,  and  the  melted  tallow  and 
wax  of  candles,  are  supplied  to  their  flames  by  means  of  the  capillarity  of  their 
wicks ;  BO  there  is  an  absorption  of  liquids  in  wood,  in  sponge,  in  cloth,  and  in 
all  bodies  that  possess  sensible  pores. 

234.  Caoae  of  the  cnrve  of  liquid  anriacea  by  the  contact 
of  BoUda. — The  form  of  the  surface  of  a  liquid  in  contact  with  a 
solid,  depends  upon  the  relation  which  exists  between  the  attraction  of 
the  solid  for  the  liquid,  and  the  liquid  particles  for  each  other. 

Let  A  B,  fig.  188,  represent  a  fluid  surface,  and  D  E  the  surface  of  a  solid 
immersed  vertieallj  in  the  fluid.  Any  liquid  particle,  as  A,  is  submitted  to  the 
action  of  three  forces,  viz. :  Ist.  Gravity,  which,  a^  it 
acts  equally  upon  all  the  particles  of  the  fluid,  may  be 
omitted  firom  the  present  discussion.  2d.  The  cohesive 
attraction  of  the  fluid  acting  through  the  quadrant 
B  A  E,  and  having  its  resultant  in  A  P.  3d.  The  adbe- 
iive  attraction  of  the  solid  for  the  particle  A.  This 
latter  foree  may  be  considered  as  divided  into  two 
parts;  the  attraction  of  that  part  of  the  solid  above 
the  mrfaee  of  the  fluid,  whose  resultant  will  be  A  Q ; 
and  the  attraction  of  that  part  of  the  solid  below  the 
sorfiaee  of  the  fluid,  which  will  have  a  resultant  in  A  Q'.  Let  B  P  E  be  drawn  at 
the  limit  of  sensible  cohesive  attraction  of  the  fluid  for  the  particle  A,  and  let 
A  P,  or  P,  represent  the  intensity  of  the  resultant  of  all  the  cohesive  attraction 
sf  the  liquid  for  the  particle  A ;  also  let  m  no  have  the  same  relation  to  the 
adhesive  attraction  of  the  solid,  and  Q  and  Q'  will  represent  the  intensity  of  this 
force  above  and  below  the  surface  of  the  liquid. 

Completing  the  parallelogram  AQCQ',  AC  =  2Q  cos.  45°  will  represent  the 
reaoltant  of  all  the  attraction  of  the  solid  for  the  particle  A.  On  A  C  and  A  P, 
eonstmct  the  parallelogram  A  P  R  C,  and  A  R  will  be  the  resultant  of  A  P 
and  AC. 
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The  direction  of  the  resultant  A  R  will  be  determined  by  the  vtJno  •! 
2  Q  COS.  45®  —  P  COS.  45°,  or  2  Q  —  P.     There  will  evidently  bo  three  cases: 

2Q—P>0,     2Q-'  P  =  0,     and2g--P<0. 

In  the  first  cafie  the  refmltant  will  lie  in  the  angle  C  A  £,  and  the  flvid  will 
wet  the  solid.  In  the  second  case  the  resultant  will  lie  in  A  E,  in  the  plsae 
wl  ich  separates  the  solid  and  the  fluid.  In  the  third  ease  the  resultant  will  lie 
in  the  angle  B  A  £,  and  the  fluid  will  not  wet  the  solid.  In  thif  case  there  is 
no  necessity  to  suppose  any  repulsion  between  the  solid  and  the  fluid,  bat  enlj 
that  the  cohesive  attraction  of  the  fluid  is  more  than  twice  as  great  as  the  attrae- 
tion  of  the  solid  for  the  fluid. 

As  the  surface  of  a  liquid  is  always  perpendicular  to  the  direcdon  of  the  forces 
which  solicit  its  molecules  (199)  in  the  first  case,  the  suriaee  of  the  fluid  at  A 
will  bo  tangent  to  the  piano  M  N,  fig.  189,  which  is  perpendicular  to  the  genenl 
resultant  A  R.  At  A',  where  the  attraction  is  more  feeble,  the  resultant  A'R' 
will  be  more  nearly  perpendicular,  and  at  a  point  A*',  where  the  sensible  attrac- 
tion is  Jtero,  the  resultant  A"  R"  will  be  vertical,  and  the  onnre  A  A'  A"  will 
become  tangent  to  a  horizontal  plane. 
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In  the  case  of  a  small  tube,  T,  the  concave  surface  of  the  fluid  will  be  sensi- 
bly spherical.  When  2  Q  —  P  ^=.-  0,  the  resultant  A  R  lies  in  the  line  A  E,  and 
the  surface  of  the  liquid  in  contact  with  the  solid  is  horizontal,  because  the 
attractive  force  of  the  solid  and  fluid  combined  is  the  same  as  if  tbe  surface  of 
the  fluid  was  indefinitely  extended. 

When  2  Q  —  P  is  less  than  zero,  or  negative,  the  resultant  A  R  will  be  found 
in  the  angle  B  A  E,  and  the  surface  will  be  tangent  to  the  plane  M  N  at  the 
point  A ;  it  will  therefore  be  convex,  as  shown  at  A  A",  fig.  190.  In  a  capillary 
tube,  U,  the  surface  will  be  convex  and  sensibly  spherical. 

235.  Experimental  illaBtrations. — Capillary  phenomena  are  easily 
explained,  when  we  know  that  under  the  double  influence  of  the  attrac- 
tion of  a  solid  and  a  liquid,  the  surface  of  the  liquid  may  be  either 
concave,  plane,  or  convex,  as  the  relative  intensities  of  these  forces 
vary ;  we  can  also  see  that  the  ascent  or  depression  of  the  liquid  in 
capillary  tubes  is  a  direct  consequence  of  the  terminal  form  of  the 
liquid.     This  explanation  is  easily  verified  by  experiment. 

a.  Take  a  bent  tube,  similar  to  fig.  185,  but  let  the  capillary  braoeb  be 
shorter  than  the  other,  and  pour  water,  drop  by  drop,  into  the  larger  braneh, 
the  liquid,  as  it  rises  to  the  top  of  the  tube,  in  the  short  cs^illary  braneh  will 
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r  %  conosTi^  theii  a  plane,  and  at  last  a  oonrax  forfiuM.  As 
lbs  valw  lUttda  fa  a  eooTaz  form  abort  the  end  of  the  tnbe,  the  oonoaTe  lor- 
bee  ia  Um  laf|«  Imneh  will  riie  above  it»  ihowing  that  the  rite  of  the  liqaid 
■bore  the  leral  doe  to  hjdroatatie  prefrare  depends  apon  the  form  of  the  surface. 

k  "Ltl  a  eapillaiy  tube,  with  a  small  sphere  blown  in  it,  as  shown  in  fig.  191, 
be  loMBred  iato  the  bottom  of  a  small  glass  ressel  or  tabe,  into  which  mercury 
k  slowlj  droppad.  As  the  mereorj  rises  into  the  sphere, 
it  win  take^  at  A,  the  fom  of  a  rtrj  convex  button.  As 
H  rises  to  B  B  aad  C  C,  the  eonrezity  of  the  surface  will 
gradaally  dimhiishi  although  it  will  make  a  constant 
SBgle  (about  45^}  with  the  walls  of  the  glass  sphere,  as 
shown  by  the  dotted  lines.  When  it  arrives  at  D  D, 
where  the  surftoe  of  the  sphere  is  inclined  46**,  the 
sarfhee  of  the  mereniy  will  be  horisontal,  and  sUU 
higher  it  will  be  ooneaTe.  Theoe  sueoessive  stages  of  ^J 
carrataie  are  seen  ia  fllling  a  merouial  thermometer. 

This  experlnea^  depending  upon  the  eonstant  angle 
nude  by  the  snrlhee  of  the  mercury  with  the  walls  of  the 
tnbe^  enables  us  to  show  that  the  level  of  the  mereary  in 
the  oapillary  tube  is  higher  or  lower  than  in  the  vessel 
with  whieh  it  communicates,  aoeording  as  the  surface  is 
coaeave  or  convex. 

The  levd  at  which  a  liquid  may  he  fnaitUained  in  a  capillar^/  tube 
depends  on  the  diameter  of  the  canal  at  the  upper  level  of  the  liquid. 

c  An  impressive  verification  of  this  fact  is  obtained  by  soldering  a  cupillary 
tube  to  the  top  of  a  glass  vase  or  low  air-bell,  like  a  cupping-glass  or  beaker. 
If  the  diameter  of  the  eapillary  tube  is  not  more  than  the  one-hundredth  of  nn 
inch,  a  column  of  water  of  the  diameter  of  the  vase  will  be  sustained  by  tbe 
capillary  force  at  the  height  of  nearly  four  inches — the  height  of  tbe  column 
requisite  to  restore  equilibrium  being  independent  of  the  diameter  of  the  vase. 

The  same  apparatus  being  reversed  and  plunged  in  a  bath  of  mercury  will 
evince  a  corresponding  depression  of  the  level  of  the  mercury  in  the  capillarv 
tube,  the  vase  renuuning  void  of  mercury. 

It  is  evident  from^  these  experiments  that  capillarity  is  a  very 
energetic  force,  and  when  we  remember  that  the  capillary  canal»^  in 
vegetablAs  arc  usually  smaller  than  the  one-hundredth  of  an  inch,  nnd 
those  in  tbe  animal  body  are  very  much  smaller,  it  is  easy  to  andcr- 
stand  the  ascensional  force  of  sap  in  plants,  and  the  functions  of  tbe 
capillaries  in  animals. 

d.  By  this  power  it  is  that  the  soil  in  dry  seasons  receives  moisture  from  below 
to  supply  the  waste  of  evaporation, — and  conversely  that  tbe  benefits  of  ruiu 
deevvod  to  the  lower  strata.  Hence  in  dry  climates  the  surface  soil  is  covered 
with  saline  eflloresences  left  by  the  evaporation  of  water  holding  salts  in  solution. 

c.  Books  are  split  by  the  swelling  of  wooden  plugs  driven  forcibly  in  the 
dry  state  into  holes  drilled  for  the  purpose,  and  afterwards  wet  with  water. 

23^  Znfliwnce  of  the  curve  on  capillary  phenomena. — The 
it  or  depreesion  of  liquids  in  capillary  spacer,  is  owing  to  the 
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form  of  the  surfaces.  Let  abed,  fig.  192,  represent  a  ooncars- 
meniscus,  the  particles  of  which  are  sustained  in  equilibriam  bj  tb« 
forces  before  mentioned ;  these  particles  do  not  exercise  anj  pressnrt 
on  those  below  them,  and  therefore  at  c  6  there  is  a  line  above  whick 
the  particles  of  fluid  are  sustained  bj  upward  attraction,  and  below 
which  it  is  sustained  by  equal  external  pressure  of  the  column  op. 
192  193 


The  sensible  attraction  of  the  walls  of  the  tube  does  not  extend  so 
far  as  the  perpendicular  height,  d  c,  of  the  curve.  It  is  only  a  small 
portion  of  the  wall  of  the  tube  just  above  the  extremity,  d,  of  the  carve 
that  supports  the  fluid.  The  action  of  every  part  below  d,  while  it 
tends  to  elevate  the  fluid  below,  also  tends  to  depress  the  portion  of 
fluid  above  it,  and  these  two  influences  neutralize  each  other.  The 
particles  of  fluid  about  d,  and  within  the  limit  of  sensible  attraction, 
are  drawn  upward  by  the  attraction  of  the  tube,  and  these  particles, 
by  their  cohesive  attraction,  support  those  below,  until  the  weight  of 
the  capillary  column  becomes  equal  to  the  adhesive  attraction  of  the 
Holid  for  the  particles  within  the  limit  of  attraction  about  the  point  d. 

In  determining  the  height  of  liquids  in  capillary  tubes,  the  height  of 
the  column  supported  by  capillary  attraction  must  bo  added  to  the 
elevation  produced  by  external  pressure. 

When,  as  in  fig.  193,  the  meniscus  is  convex,  the  equilibriam  still 
exists,  for  the  liquid  molecules  being  attracted  obliquely  inwards  and 
downwards,  the  downward  pressure  is  greater  than  on  the  exterior  of 
the  tube,  and  therefore  the  surface  of  the  liquid  within  the  tabe 
descends  until  the  pressure  on  the  base,  m  n,  is  the  same  as  en  any 
exterior  point,  ^,  of  the  same  layer. 

237.  Law  of  the  elevation  and  depression  of  liquids  in  capil* 
lary  tubes. — It  has  been  demonstrated  by  Laplace,  that  the  attraction 
of  the  meniscus  is  equal  to  a  constant  coeflicient,  depending  on  the 
nature  of  the  liquid  and  that  of  the  tube.  In  a  cylindrical  tube  with 
a  circular  base,  experience  has  demonstrated,  that  the  concave  surface 
is  sensibly  a  hemisphere,  with  a  radius  equal  to  half  the  diameter  of 
the  tube.    The  attraction  of  the  meniscus  is,  therefore,  in  inverse  ratia 
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intk  Ike  radimi,  or  Ibe  dknieter  of  the  tube,  and  in  oonsequenoe,  the 
lifaid  ooliMUi  will  bo  nieod  bj  this  force  to  a  height  which  Tariet 
■oooffdiog  to  its  ialfM^.  The  length  of  the  liqaid  oolnmn  contained 
in  tbo  tnbe  k  •  litllo  laaa  than  calcolatioB  would  indicate,  according 
to  ibo  abo««  mla^  beoaaae  of  the  weight  of  the  meniscns,  but  this  error 
is  Torj  smally  lew  as  the  capillarity  of  the  tube  is  less,  the  influence 
of  the  weight  of  the  meniscus  decreasing  rapidly  as  the  diameter  of  the 
bore  diminishes.  The  height  of  the  liquid  in  the  tube  is,  therefore, 
BCTer  abeolnteiy  in  inTorse  ratio  to  the  diameter,  but  the  law  is  nearly 
exact  when  we  add  to  the  height  one-sizth  of  the  diameter  of  the  tube, 
which  is  the  oomotion  required  for  the  weight  of  the  meniscus. 

Correefciooa  to  this  error  being  thus  made,  the  law  would  be  correct, 
had  the  meoieeos  an  aoonrately  spherical  surface,  but  this  obtains 
only  when  the  ^ameter  is  very  small  (2  or  3  m.  m.,  07874,  or 
'11811  inebes)  the  snrfiue  in  general  ceases  to  be  truly  spherical,  and 
the  ascent  or  depression  depends  on  the  curve  of  the  surface,  which 
Tariea  much  more  rapidly  than  the  diameter  of  the  tube. 

238.  Depreasion  of  mercury  in  capillary  tubes. — The  rapidity 
«rith  which  capillarity  diminishes,  in  tubes  of  great  diameter,  is  seen  in 
the  following  table : — 

TABLB  or  nSPBEBIIOHS  OF  MKBCUBT  IH  CAPILLABT  TUBES. 

r  .   D*pr«MloiMln  ; 

I      Dfanwtflr  of        m.  m.  Aeeording        Aooording  to         Aooording  to        Aooonling  to 
i  talw.  toLapUm.  Toung.  Jacoby.  Carendisb. 


20m.in. 

0038 

15-      " 

0-137 

10-      « 

0-446 

g.      " 

0-712 

6-      " 

M71 

J.         u 

1-534 

4-      " 

2-068 

«•      " 

2-018 

f-i    « 

3-506 

J-      « 

4-454 

0-031 

0-031 

0-111 

0-118 

0-131 

0-402 

0-406 

0-406 

0-660 

0-673 

0-820 

1-139 

1-134 

i         1-377 

1-510 

1         1-513 

1-735 

2-063 

j        2-066 

2-187 

2-086 

!        2-088 

3-054 

4-887 


4-888 


4-472 


The  numbers  contained  in  the  first  column  have  been  calculated  by 
M •  Bomrard,  according  to  the  formula  of  Laplace ;  those  of  the  last 
two  oolnmns  haTO  been  obtained  directly  by  experiment. 

239.  Ascent  of  Uqnida  in  capillary  tubea. — For  all  liquids,  the 
aaeent  or  depression  in  capillary  tubes,  decreases  according  to  analo- 
foos  laws.  If  the  tubes  are  very  small,  the  heights  augmented  with 
eoe-eixtb  of  their  diameter,  are  inversely  as  the  diameters.  If  the 
tabes  are  very  large,  we  may  ascertain  very  accurately  the  heights  to 
19» 
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which  liquids  would  rise  hy  very  complicated  calouIatioDS,  or  we  may 
ohtain,  approximately,  their  capillary  effects,  in  supposing  them  pro- 
portional to  the  depression  mercury  undergoes  in  tubes  of  the  same 
diameter.  For  the  same  tube,  and  for  the  same  liquid,  the  capillaritj 
depends  much  on  the  temperature,  decreasing  more  rapidly  than  the 
density. 

According  to  Ghiy  Lussac,  the  elevation  of  water  in  a  eapiilaiy 
tube  of  1  m.  m.,  (03937  in.)  is  30  m.  m.,  (11811  in.)  and  different 
liquids  elevate  themselves,  in  the  same  tubes,  to  heights,  which  are  in 
the  following  relation : — 

Water, 100- 

Saturated  solution  of  chloride  of  ammonium,       .     102*7 
**  '*  sulphate  of  potash,     .        .      95*7 

copper,     .        .      84* 

Nitric  acid, 75* 

Hydrochloric  acid, 70*1 

Alcohol, 40-8 

Oil  of  lavender, 37*5 

240.  Laws  of  the  equilibriom  of  liquids  between  parallel  or 
inolined  laminee. — Phenomena  analogous  to  those  presented  in  capil- 
lary tubes,  may  be  observed  when  two  laminss,  plunged  in  a  liquid, 
are  brought  near  to  each  other.  If  the  laminie  are  made  wet,  the 
liquid  elevated  between  them,  is  terminated  by  a  cylindrical  surface ; 
if  not  moistened,  the  liquid  is  depressed,  and  is  terminated  by  a  convex 
surface ;  and  it  is  observed  that : — 

1st.  A  liquid  is  regularly  elevated  or  depressed  between  two  lamina, 
inversely  as  the  irUerval  which  separates  them, 

2d.  That  the  height  of  the 
ascension  or  depression  for  a 
given  iniervalf  is  half  that 
which  would  take  place  in  a 
tube  having  a  diameter  equal 
to  thai  of  the  interval. 

When  we  plunge  two  in- 
clined laminsB  (with  their 
line  of  contact  in  a  vertical 
position)  in  a  liquid  which 
wets  them,  a  concave  surface 
may  be  observed  between  them,  fig.  194,  the  liquid  rising  toward  tht 
upper  point  of  their  line  of.  contact.  The  surface  of  the  liquid  takes 
the  form  of  the  curve  known  in  geometry,  under  the  name  of  the 
squilateral  hyperbola ;  this  curve  is  produced  by  capillarity. 
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241.  Movement  of  drops  of  liquid  in  conical  tubes  or  between 
UminaB. — When  a  drop  of  liquid  is  contained  in  a  conical  tube,  or 
between  two  laminee  having  their  lines  of  contact  horizontal,  the  liquid, 
if  it  wets  the  tabe  or  laminae,  is  terminated  by  195 

two  concave  surfaces,  and  the  liquid  is  drawn 

towards  the  smaller  end  of  the  tube,  or  towards  ^ 

the  an^e  of  tfie  lamiDse,  t.  «.  in  the  direction 

from  m  to  m^,  fig.  195,  because  the  liquid  being 

terminated  by  concave  surfaces,  the  pressure  from  without  inwards 

decreases  as  the  radius  of  the  concave  surface  diminishes,  so  that  the 

resoltant  pressure  is  directed  from  m  towards  106 

m^.    If  the  liquid  is  mercury,  or  any  fluid  that 

does  not  wet  the  surrounding  body,  the  two 

•arfaces  will  be  convex,  and  the  pressure  from 

without  inwards  will  be  greater  in  proportion  as 

the  radius  of  curvature  becomes  less,  hence  the  resultant  pressure  will 

be  from  m  towards  m^,  fig.  196,  and  the  drop  will  be  driven  towards  the 

larger  end  of  the  tube,  or  towards  the  more  open  parts  of  the  laminae. 

242.  Attraction  and  repnlaion  of  light  floating  bodies.— The 
attraction  and  repulsion  which  we  observe  between  light  bodies  floating 
on  the  surface  of  liquids,  is  due  to  capillarity.  Two  floating  bodies  are 
drawn  near  to  each  other  either  when  both  are,  or  both  are  not  moistened, 
and  repelled  if  the  liquid  wets  only  one  of  them. 

Let  a  and  (,  fig.  197,  be  two  floating  bodies 
whose  surfaces  are  wet  bj  the  liquid.  Between 
the  bodies  a  email  mass  of  fluid  is  elevated  by 
capillary  attraction,  of  which  the  point  m  is 
higher  than  the  leyel  of  a  6,  the  highest  points 
of  the  exterior  curves. 

The  weight  of  the  column  m  tends  to  draw 
the  two  bodies  together,  acting  like  a  loaded 
oord  suspended  between  the  two  bodies.  The 
mutual  cohesion  of  the  molecules  of  the  liquid 
snrfaee,  m,  causes  it  to  serve  as  a  cord,  and 
the  adhesion  of  the  liquid  to  the  floating  bodies 
at  the  highest  points,  serves  as  the  attachments 
of  the  •ztremitiet.  When  the  two  bodies  are 
not  wet  by  the  liquid,  the  liquid  is  depressed 
between  the  bodies,  and  the  external  pressure 
upon  the  two  bodies  drives  them  together,  as 
ihowa  in  the  middle  section  of  the  figure. 

When  one  body  is  wet  by  the  liquid,  and  the  other  is  not,  the  result  of  oapil- 
luy  attraetaon  is  to  cause  the  two  bodies  mutually  to  repel  each  other. 

If  tha  body  whioh  is  wet  is  removed  beyond  the  influence  of  the  other  body, 
the  eoneave  meniscus  will  rise  on  both  sides  of  the  body  to  the  dotted  line  o,  in 
the  lower  part  of  the  figure.  In  the  same  manner,  if  the  body  not  wet  were 
akwa,  tha  aMniieus  of  depretBion  would  extend  on  both  lides  to  the  doUAd  \VnA>  v. 
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If  uow  we  suppose  the  two  bodies  brought  so  near  eftoh  other  that  the  conesre 
ucniscus  of  fluid  attached  to  one  body  will  come  in  contact  with  the  eonrei 
depression  of  the  other,  the  surface  of  the  liquid  will  take  a  form,  n  k,  interme* 
diato  between  the  two  curves  which  would  have  been  formed  when  the  bodies 
were  entirely  separated ;  that  is,  the  more  elevated  point  n  will  be  below  o,  and 
the  point  of  greatest  depression  at  k  will  be  above  the  point  r.  The  body  wst 
will  therefore  be  drawn  outward  by  the  weight  of  that  part  of  the  extenal 
meniscus  which  is  more  elevated  than  the  internal,  as  represented  by  the  distance 
o  II ;  and  the  body  not  wet  will  be  driven  away  from  the  first  by  the  excess  of 
hydrostatic  presssure  due  to  the  difference  of  level,  k  r,  on  tiie  two  sides  of  the 
second  body. 

Escape  of  Liquids  from  Capillary  Tubes. 

243.  Flow  of  liquids  from  capillary  tubes. — Fluids  escaping 
from  capillary  tubes  are  subject  to  the  following  laws : — 

1.  For  the  same  tube  the  flow  is  proportioned  to  the  pressure. 

2.  With  tubes  having  an  equal  pressure  and  length,  the  flow  isprO' 
poiiional  to  the  4th  power  of  their  diameters, 

3.  For  the  same  pressure  and  the  same  diameter,  the  flow  is  in  inverse 
ratio  to  their  length, 

4.  The  flow  increases  with  the  temperature. 

The  inequalities  in  the  flow  of  different  liquids  under  the  same  cir^ 
cumstances  does  not  seeni  to  depend  on  their  viscosity  or  their  density ; 
for  alcohol  flows  slower,  and  oil  of  turpentine,  or  sugar  solution,  faster 
than  water.  So  also  nitrate  of  potash  solution  flows  faster,  and  serum 
flows  less  swiftly,  than  pure  water ;  alcohol  added  to  serum  retards  its 
movement,  while  if  nitrate  of  potash  solution  be  added  to  the  mixture, 
the  serum  recovers  its  usual  velocity. 

These  experiments  made  with  glass  tubes,  were  repeated  on  the  bodies  of  ani- 
mals recently  killed,  by  injecting  the  various  fluids  into  the  principal  arteries. 
The  results  were  found  to  accord,  tending  to  prove  that  the  circulation  of  blood 
and  other  fluids  in  the  arteries  and  veins  of  living  bodies,  is  subject  to  the  same 
laws  as  the  flow  of  liquids  in  capillary  tubes  of  glass. 

II.    OSHOSE  OR  OSMOTIC  FORCE. 

244.  Osmose,  Exosmose,  Endosmose. — Osmose  is  the  transmis- 
sion of  liquids  into  each  other  through  the  pores  of  an  interposed 
medium  which  ordinarily  offers  more  resistance  to  the  passage  of  one 
of  the  liquids  than  of  the  other. 

When  a  membranous  sac,  or  a  vessel  filled  with  a  fluid,  and  closed 
by  a  membrane,  is  plunged  into  another  liquid  capable  of  mixing  with 
the  first,  two  currents  are  established  through  the  membranous  partition. 
The  current  from  within  outwards  is  called  exosmose  (from  i^m  out- 
wards, and  df^pLO^  impulsion),  and  the  current  from  without  inwards  is 
called  endosmose  (from  ivdov  inwards,  and  tib<ffioq). 
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Th€  more  funeral  term  ottmose  has  been  substituted  by  Graham  foi 
the  two  correlative  terms  just  defined,  as  being  a  bettor  expression  of 
all  the  phenomena  concerned. 

The  phenomenA  of  onnoM  are  closely  allied  to  those  of  capillarity.  They 
have  been  rery  accarately  studied,  particularly  by  Datroehet,  who  brought 
fvnrard  hii  researehei  in  1827,  and  more  recently  by  Prof.  Graham. 

245.  Bndosmometer. — ^The  existence  and  rapidity  of  these  currents 
is  aacertainad  bj  the  endatmomeier,  an  instrument  which  may  be  thus 
eonstmeted.  To  a  membranous  pouch  or  bladder  is  fitted,  hermetically, 
a  glass  tube  as  in  fig.  198. 

The  jar  or  bladder,  and  part  of  the  tube,  is  filled  with  a  dense  liquid, 
as  a  strong  solation  of  gum  or  sugar,  and  199 

placed  in  a  tall  cylindrical  jar,  which  is 
then  filled  with  distilled  water,  until,  it 
stands  exactly  at  the  level  of  the  fluid  in 
the  tube.  For  very  exact  experiments, 
this  lerel  is  constantly  maintained  by  the 
addition  to,  or  the  removal  of  the  water 
in  the  outer  jar.  After  a  time,  gum  will 
be  found  in  the  outer  vessel,  a  current 
from  without^  inwards,  also  taking  place. 

If  we  wish  to  datermine  more  aoearately  tha 
actual  as  well  as  the  comparative  floir  of  dif- 
ferent liquids,  we  may  use  an  apparatus  c on- 
stnicted  aa  follows : — Over  the  open  mouth  of 
a  bell  jar,  of  a  few  ounces  capacity,  is  placed 
a  plate  of  perforated  zinc,  to  support  firmly  a 
piec«  of  fresh  ox-bladder,  which  is  securely 
tied  orer  it.  To  the  upper  aperture  is  attached 
a  (graduated  tube,  open  at  both  ends,  the  capa- 
city of  whose  interior  bears  a  certain  definite 
relation,  as  i-^Qth,  to  that  of  the  lower  open- 
ing of  the  bell  jar ;  so  that  a  rise  or  fall  in  the 
tabe  as  of  100  m.  m.  (3*937  in.)  indicates  the  en- 
trance or  removal  of  a  stratum  of  liquid,  1  m.  m. 
(0'03937  in.)  thickness  over  the  whole  surface.  ^     ^^ 

246.  Neceaaary  conditions. — According  to  M.  Dutrochet,  in  order 
fuccessfuUy  to  produce  the  phenomena  of  endosmose,  it  is  necessary : — 

1st.  That  the  liquids  be  susceptible  of  mixing, 

2d.  Thai  ihey  are  of  different  densities. 

3d.  Thai  the  membrane  or  wall  {septum)  whicK  separates  them  is  per- 
wuable  io  one  or  both  liquids. 

Materials  for  septum. — All  thin  animal  and  vegetable  membranes 
thin  plat«Ni  of  burnt  clay,  slate,  marble,  pipe-clay,  Ac.,  produce  endos- 
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motic  effects  in  a  more  or  less  notable  degree.  Of  inorganic  materials, 
those  which  contain  most  silicic  acid  are  less  permeable.  A  chemical 
action  on  the  materials  of  the  septum,  invariably  takes  place  (except- 
ing with  alcohol  and  cane-sugar  solutions),  whether  it  is  formed  of 
bladder  or  of  earthenware.  Where  the  partition  is  not  susceptible  of 
being  acted  upon,  the  endosmotic  action  is  very  slight. 

247.  Direotion  of  the  oorrent. — The  endosmotic  current  is  in 
general  directed  towards  the  more  dense  liquid,  but  alcohol  and  ether 
are  exceptions ;  they  acting  as  denser  liquids,  although  lighter  than 
water ;  so  also  as  acids  are  more  or  less  diluted,  there  is  endosmose 
towards  the  acid  or  towards  the  water.  The  excess  in  the  quantity  of 
the  liquid  which  passes  into  the  endosmometer,  is  proportional  to  the  sur^ 
face  of  the  membrane,  and  to  the  different  heights  to  which  the  liquids 
mount  in  capillary  spaces,  the  elevation  taking  place  from  that  side  of 
the  liquid  which  has  least  capillary  action. 

248.  Organic  aolutiona. — Neutral  organic  substances,  such  as 
gum-arabic,  urea,  and  gelatine,  produce  but  little  endosmotic  action. 
Of  all  vegetable  substances,  sugar  solution ;  and  albumen  among 
animal  bodies ;  are  those  which,  with  equal  density,  possess  the 
greatest  power  of  endosmose.  The  figures  attached  to  the  following 
substances,  indicate  the  proportional  height  to  which  the  liquids  rose 
when  the  endosmometer,  being  filled  successively* with  solutions  of 
them,  of  the  same  density,  was  placed  in  pure  water :  gelatine  3,  guui 
5,  sugar  11,  albumen  12. 

249.  Inorganic  solutions. — Neutral  salts  do  not  possess  any  pecu- 
liar power  of  endosmose,  but  diffuse  themselves  with  nearly  the  same 
rapidity  as  if  no  porous  partition  was  used.  Alkaline  soluUons  greatly 
accelerate  endosmose.  This  may  be  observed,  even  in  solutions  which 
contain  but  1  part  of  the  alkaline  salt  in  1000  of  water.  In  mode- 
rately dilute  solutions  (containing  not  more  than  2  per  cent,  of  the  salt) 
the  action  is  most  rapid. 

The  soluble  salts  in  the  soil  are  taken  up  by  the  rootlets  of  plants  by 
the  combined  action  of  capillarity  and  endosmose ;  the  salts  entering 
the  plant  more  rapidly  than  the  water  which  holds  them  in  solution. 

250.  Endosmose  of  gases. — There  is  endosmose  between  gases,  as 
between  liquids ;  if  we  connect  two  vessels  containing  different  gases, 
having  a  dry  membrane  between  them,  the  gases  will  gradually  mix, 
equal  currents  being  established  in  both ;  but  if  the  membrane  is  moisi 
unequal  currents  (that  is,  endosmose)  are  formed.  Thus,  a  soap  bubble 
placed  in  a  jar  of  carbonic  acid,  will,  in  a  little  time,  burst,  owing  to 
the  increase  of  volume  caused  by  endosmose. 

251.  Theories  of  endosmose.— Many  theories  have  been  proposed  to 


190 

^tttJ^mB^bmsmmmt  vaeh  m  tb^t  endotiDoM  ww  dii«  to  an  aneqiiAl 

IJiMi^if  lb*  two  Bqsldti  to'cumnU  of  d^e&naitjr  paasing  in  the  dirvetion 

•f  !!•  miaamom  t  U>  tits  iu3W|itml  p«r^e*biUt7  of  tbe  m«mbruie  for  the  two 

^  n;  Ibftt  ibe  pbeikoinaiioD  wai  dua  to  csf^illurj  KJtiuit,  joined  to  the  affi- 

y^tf  tti  two  Uqoiii*.     T«t7  probablj  eDdonaon  dfip«ndH  an  the  lame  furcei 

^     k  eapillaritj',  bast  obiriotieljr  tbej  are  not  the  only  foroea  which  exert 

,  Ibr  w*  find  that  heai,  wbieb  slwaj»  diminUhei  capillarity,  angmenu 

Ikidie^ctb  of  thm  endoimoio. 


ProblemA  oa  Hydi-odyi^ainioa. 
ElaBtlcity  of  Xjiqnlds^ 

1^  A  cubic  fool  of  walci  at  iJbc  fraezing  point  u  sabmitted  to  a  prewnre  of  20 
■t»otpharei.  How  great  ia  the  eondentation  ?  and  what  ia  the  apeciflc  gravit/ 
rftbeeondmiwl  liquid? 

M^  What  ia  the  apeeifle  graTity  of  aea  water  at  the  depth  of  three  milea, 
reckoniag  the  apedfie  graritj  at  the  anrfaoe  1'026,  and  the  oompreaaibility 
•-0000436^  and  idlowlng  a  eolnmn  of  freah  water  38  feet  high  to  equal  the 
preasore  of  one  atmoaphere  ? 

95.  How  mnch  would  the  rolume  of  a  eubie  foot  of  alcohol,  at  45**  Fahrenheit, 
be  diminlahed  by  a  pressure  of  four  atmospheres  ? 

Hydrctotatio  Pressure. 

96.  In  the  hydrostatie  press,  given  the  diameters  of  the  two  cylinders  A  and 
B,  and  the  force  applied  to  the  pump  P :  determine  the  pressure  produced. 

97.  In  the  hydrostatic  press,  suppose  the  diameter  of  tbe  smaller  cylinder  to 
be  1  inch,  and  Uie  diameter  of  the  larger  cylinder  to  be  15  inches,  the  length  of 
the  pump-handle  to  be  3  feet  from  tbe  fulcrum,  and  the  distance  of  the  piston  2 
inehea  from  tbe  fulcrum,  the  lever  being  one  of  tbe  second  order :  what  is  the 
relation  of  the  pressure  exerted  to  the  power  employed  ? 

98.  A  cnbieal  Teasel  is  filled  with  fluid :  compare  the  pressures  upon  the  sides 
and  bottom. 

99.  A  slender  rod  is  immersed  vertically  in  a  fluid :  divide  it  into  three  por- 
tions which  shall  be  equally  pressed. 

100.  Compure  the  pressures  on  two  equal  isosceles  triangles  just  immersed  in 
the  same  fluid,  one  with  ito  base  upwards,  the  other  with  the  base  downwards. 

101.  A  cylindrical  vessel  is  filled  with  a  heavy  fluid :  what  proportion  does 
tte  preaanre  on  the  cylindrical  surface  bear  to  tbe  entire  weight  of  the  fluid  f 

102.  If  the  tube,  T,  of  the  water-bellows,  fig.  144,  is  10  feet  high,  and  the 
asriboe  of  the  bellows,  B  C,  is  18  inches  in  diameter,  what  weight  will  be  sus- 
tained whan  the  tube  is  filled  with  water  ?  and  what  when  tbe  tube  is  filled  with 
Bfrenry? 

103.  Tha  aidea  of  a  hollow  pyramid  are  isosceles  triangles,  the  base  is  a 
reetsogia  having  aidea  a  and  (,  and  tbe  height  of  the  pyramid  is  r.  If  the 
pyramid  be  placed  with  ite  base  on  a  horizontal  plane,  and  filled  with  water, 
bow  doea  tbe  whole  amount  of  pressure  on  the  four  sides  compare  with  the 
pfeaaare  upon  the  bottom  ? 

104.  A  hcmlapherical  vessel,  6  inclies  in  diameter,  without  a  bottom,  stands 
ia  a  horisontal  plana.  When  just  filled  with  water,  the  liquid  begins  to  run  oni 
•I  tiM  boUmn.    Datermina  the  weight  ot  the  vesseL 
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105.  What  height  must  a  column  of  mercury  hare  to  balance  a  oolQum  of 
water  25  feet  high  in  a  communicating  vessel  ? 

106.  If  a  vessel  of  water  communicates  with  a  vessel  of  ether,  itanding  sft  a 
height  of  20  inches,  at  what  elevation  will  the  water  stand  ? 

Buoyancy  of  Liquids. 

107.  A  man  exerting  all  his  force  can  raise  a  weight  of  300  lbs. :  what  would 
be  the  weight  of  a  stone  {Sp,  Gr,  =  2*5)  which  he  could  just  raise  under  water? 

108.  If  a  given  piece  of  silver  be  balanced  by  i^s  weight  of  iron  in  air,  what 
addition  must  be  made  to  the  iron  so  that  the  iron  and  silver  may  be  in  eqoili- 
brium  when  immersed  in  water  ? 

109.  How  much  will  12  ounces  of  gold  weigh  when  immersed  in  alcohol  {Sf, 
Oi.  :==  0-798)? 

110.  If  an  alloy  of  gold  and  silver,  weighing  22  ounces  in  air,  loses  H  onnesi 
when  weighed  in  water,  how  much  of  the  aUoy  is  gold,  and  how  much  silver? 

111.  To  avoid  imposition  in  the  purchase  of  lead  (due  to  the  fraudulent  intio- 
duction  of  pigs  of  iron  encased  in  lead),  the  Russian  government  are  in  the 
habit  of  weighing  the  lead  offered  for  sale  with  weights  of  lead,  on  a  balance  so 
arranged  that  both  pans  can  be  immersed  in  water  afler  they  are  brought  te 
equilibrium.  If  the  equilibrium  remains  undisturbed,  the  lead  is  pure.  Other* 
wise  its  degree  of  adulteration  can  be  calculated.  Suppose,  by  the  above  lest, 
that  1500  lbs.  of  commercial  lead  is  found  to  be  adulterated  to  such  a  d^ree  as 
to  require  the  addition  of  10  lbs.  of  lead  weights  under  water  to  produce  equi- 
librium, what  is  the  amount  of  iron  encased  in  the  commercial  lead  {Sp.  Gr.  of 
lead  =  11-45 ;  of  cast  iron  =  7-64)  ? 

Floating  Bodies. 

112.  Supposing  the  specific  gravity  of  a  man,  of  water,  and  of  cork,  to  be 
1-12,  1,  and  0-24  respectively,  what  quantity  of  cork  must  be  attached  to  a  man 
weighing  150  lbs.,  that  he  may  just  float  in  water  ? 

113.  A  cylinder,  whose  length  is  greater  than  its  diameter,  having  a  specifle 
gravity  of  0-63,  floats  in  water,  what  portion  of  the  diameter  of  the  cylinder  is 
immersed  ? 

114.  What  is  the  bulk  of  a  hollow  vessel  of  copper,  weighing  5  lbs.,  whieh 
just  floats  in  water  ? 

115.  lluw  much  bulk  must  a  hollow  vessel  of  iron  occupy,  weighing  «;ne  ton, 
that  it  may  float  with  only  one-half  its  bulk  immersed  in  water  ? 

116.  A  ship  entering  a  river  from  the  ocean  sinks  2  inches,  and  after  dis- 
charging 12,000  lbs.  of  cargo  rides  one  inch  ;  what  is  the  weight  of  the  ship  and 
cargo,  reckoning  the  specific  gravity  of  sea  water  1-026  ? 

117.  A  life-boat  contains  100  cubic  yards  of  wood  (Sp.  Gr.  =  0-8),  and  50 
cubic  yards  of  air  {Sp.  Gr.  =  0-0012).  When  filled  with  fresh  water,  what 
weight  of  iron  ballast  (.S'/>.  Gr.  =  7*645)  must  be  thrown  into  it  before  it  will 
fink? 

118.  A  parallelepiped  of  ice  whose  dimensions  are  15*75  yards,  20*45  yards, 
and  10*5  yards,  is  floating  in  sea  water  on  its  broadest  face ;  the  specific  gravity 
of  sea  water  is  1-026,  and  that  of  ice  0-93.  Required  the  height  of  the  ice  aboTa 
the  surface  of  the  water. 

119.  When  two  persons,  A  and  B,  descend  together  to  the  bottom  of  a  lake  II 
a  cylindrical  diving-bell,  it  is  observed  that  the  water  stands  1  inch  lower  within 
the  bell  than  when  A  descends  alone ;  the  pressure  of  the  atmosphere  is  oqnal 
to  a  column  of  water  33  feet  high,  the  diameter  of  the  bell  is  4  feet*  and  the  tor- 
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M      ft  4  of  the  water  wiihin  it,  at  the  bottom  of  the  lake,  is  20  feet  below  the  surface 
S       M  (be  lake ;  find  the  Tolaine  of  B. 

S  i20.  A  piece  of  flint  glass  weighs  in  air  4320  grains,  and  in  water  it  weighs 

■       iJU  grains :  what  is  its  specific  gravity  ? 

H         121.  Determine  the  specific  gravity  of  granulated  tin  from  the  following  data : 
W  Weight  of  bottle  filled  with  water  at  60^  F.,  .    44-378  grammes. 

t  "        ««  tin, 9-431        " 

f  "        ^  bottle  tin  and  water,  *  .        .        .        .     52-515        " 

'  123.  The  same  specific  gravity  bottle  used  in  the  last  example  is  supplied  with 

7*433  grammes  of  powdered  glass.    The  weight  of  bottle  water  and  powdered 
flasi  is  49-859  grammes,  what  is  the  specific  gravity  of  the  powdered  glass  ? 

133.  A  body  weighs  14  lbs.  in  air,  and  9  lbs.  in  water ;  another  body  weighs 
81  lbs.  in  air,  and  7  lbs.  in  water :  what  are  their  respective  specific  gravities, 
sad  how  do  they  oompare  with  each  other  ? 

UL,  The  eonnterpoise  of  a  Nicholson's  hydrometer  requisite  to  sink  it  to 
seco  w«ighs  36  grammes ;  with  a  piece  of  brass  on  the  upper  pan  it  requires 
8*171  grammes  to  sink  it  to  tero,  and  10*241  grammes  when  the  same  piece  of 
brass  is  on  the  lower  pan :  what  is  the  specific  gravity  of  the  brass  ? 

125.  A  Fahrenheit's  hydrometer  weighs  700  grains — to  sink  it  in  water  300 
grains  an  requisite  (volume  of  water  =  to  volume  of  hydrometer  =  1000 
grains),  placed  in  alcohol  133  grains  are  required  to  bring  it  to  zero  (832  grains 
=3  volome  of  alcohol  =  volume  of  hydrometer).  What  is  the  specific  gravity 
of  the  alcohol? 

Motion  of  Liquids. 

126.  What  volume  of  w^er  will  fiow  from  an  orifice  2}  inches  in  diameter,  in 
7  seeonds,  if  the  centre  of  the  orifice  is  10  feet  below  the  surface  of  the  fluid  ? 

127.  A  vessel  20  feet  deep  is  raised  5  feet  above  a  plane :  how  far  will  a  jet 
reach  issuing  5  feet  from  the  bottom  ? 

12S.  A  jet  of  water  issuing  from  a  vessel,  3  feet  below  the  surface,  and  an 
equal  distance  above  the  horizontal  plane  on  which  it  falls,  is  seen  to  have  a 
horizontal  range  of  2-3  feet;  how  does  the  velocity  of  discharge  compare  with 
the  theoretical  velocity? 

129.  A  jet  of  water  issues  from  a  cylindrical  adjutage  2  inches  in  diameter, 
6^  inches  long,  with  a  head  of  10  feet.  What  amount  of  water  is  discharged 
per  hour  ? 

130.  What  quantity  of  water  will  be  discharged  per  day  through  a  tube  one 
inch  in  diameter  and  19  feet  long,  under  the  pressure  of  21  feet  head  ? 

131.  If  a  fire-engine  discharges  16*8  cubic  feet  of  water  through  a  J  inch 
pipe  in  one  minute,  how  high  will  the  water  be  projected,  the  pipe  being  directed 
vertically  ? 

Capillarity. 

132.  What  will  be  the  dilTerence  of  level  in  a  glass  tube  ^^  inch  diameter, 
bent  in  ^e  form  of  the  letter  U,  when  one  branch  is  filled  with  mercury  and  the 
ether  branch  with  alcohol  ? 

133.  A  block  of  marble  10  feet  long  and  2  feet  thick  (the  tenacity  of  marble 
being  9000  lbs.  to  the  square  inch),  is  burst  asunder  by  the  capillary  attraction 
of  a  series  of  wooden  plugs.  The  series  of  plugs  being  8  inches  apart,  1  inch 
in  diameter,  and  5  inches  long,  the  plugs  are  driven  dry,  and  afterwards 
allowed  to  ab^rb  water  by  capillarity.  What  height  would  be  required  for  a 
series  of  eolnnuil  of  water,  acting  upon  the  orifices  where  the  plugs  are  inserted* 
to  prodnee  a  similar  rapture  oftbe  wBrbJe  ? 

JO 
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CHAPTER  IV. 

07  ELASTIC  FLUIDS,  OB  GASES. 
Pnenmatios. 

I.    DISTINGUISHING   PROPERTIES  OF   GASBS. 

252.  Definitions. — PnenmatioB  —  Gkuses,  vapon, — tension.— 
Pneumatics  (from  nviufxa,  a  spirit  or  breath,)  is  a  subdivision  of  tin 
general  subject  of  HydrodyDamics  (186),  and  is  devoted  to  the  oonsid- 
oration  of  the  properties  of  elastic  Jiuids, 

Gases  are  elastic  fluids,  aeriform,  transparent,  and  usually  colorlen 
and  invisible.  The  blue  color  of  the  air  is  due  to  watery  vapor  in  tin 
atmosphere.  In  gases,  the  molecular  force  of  repulsion  (146)  prevaib 
over  the  force  of  attraction— and  in  the  permanent  gases  this  force  \as 
never  been  overcome. 

Vapors  differ  from  gases  chiefly  in  that  they  are  produced  by  the 
action  of  heat  upon  liquids — as  steam  is  produced  from  water ;  and  by 
their  returning  again  to  the  liquid  state  at  ordinary  temperatures  by 
the  loss  of  heat. 

Tension  is  an  expression  for  the  tendency  of  a  gas  to  expand ;  the 
degree  of  expansive  force  in  each  gas  being  specific  and  varied  by  tem* 
perature,  and  mechanical  means. 

0a»e9f  nmpU  or  compound. — Of  the  thirty-fonr  gaseoan  bodies  known  is 
chemistry,  four  only  are  simple  or  elementary,  vis. :  oxygon,  nitrogen,  bydrogNi, 
and  chlorine.  The  three  first  named  of  these  gases,  together  with  the  compoand 
gases,  oxyd  of  carbon  {CO)  and  the  binozyd  of  nitrogen  {N 0^),  are  the  only 
ad'riform  bodies  which  hare  thus  far  resisted  the  united  eflfects  of' cold  and  pres» 
sure,  and  permanently  retained  their  gaseous  state.  Hence  they  are  called 
permanent  or  incoercible  gases. 

All  other  gases,  whether  simple  or  compound,  have,  by  the  meant  naowdy 
been  coerced  into  the  liquid  or  solid  state,  and  are  hence  called  non-permamtmt 
or  coercible  gases. 

253.  Expansion  of  gases. — Expansion  is  the  most  characteristic 
property  of  gases.  This  molecular  force,  for  all  that  appears,  would 
separate  the  particles  of  a  gas  indefinitely  through  all  space,  were  there 
no  counteracting  causes. 

Under  normal  conditions,  the  atmosphere  is  in  a  state4)f  equilibriom 
between  the  earth's  attraction  and  its  own  expansive  force.     If  we 
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this  oondition  of  eqoilibriuiii«  we  see  evidence  of  the  exercise 
power  of  expansion.    In  fig.  109 

■oist  bladder,  partly  filled  with 
lubjected  to  a  partial  Tacaam 
Jie  %ir-bell.  As  the  pressure 
t)el]  is  diminished  by  working 
pump,  the  portion  of  confined 
uids,  and  distends  the  flaccid 
until  it  fills  the  jar.  As  soon 
equilibrium  of  pressure  is  re- 
by  opening  a  communication 
le  external  air,  it  contracts 
)  its  original  dimensions, 
pears,  therefore,  that  gases,  like 
are  in  a  state  of  equilibrium, 
J  diiference  in  the  conditions 
librium  being  that,  in  liquids, 
ite  results  from  the  opposite 
>f  the  two  molecular  forces ;  while  in  gases,  the  repulsiTe  force 
in  control  by  gravity,  or  some  extraneous  force. 

Mechanical  condition  of  gaaes. — Perfect  freedom  of  motion 
their  particles,  as  a  consequence  of  equilibrium,  brings  gases 
be  general  definition  of  fluids.  Being  also  elastic,  ponderable, 
penetrable  (14),  it  follows  that  all  the  characteristic  properties 
ds  already  discussed,  apply  also  to  gases.  Atmospheric  air  is 
J  of  permanent  gases.  For  its  chemical  constitution,  reference 
to  chemistry. 

II.     PBOPERTIXS   COHHON    TO   BOTH    LIQUIDS   AND   GASES. 

Gkuses  transmit  preaaore  equally  in  all  directions. — The 
of  Pascal,  already  demonstrated  with  respect  to  liquids  (189), 
rue  of  gases. 

ne  the  vessel,  fig.  200,  to  be  filled  with 
le  usual  state  of  tension.  By  its  elan- 
exerts  an  equal  pressure  in  all  direc> 
md  by  the  reasoning  in  {  189,  the 
)  it  exerts  on  the  pistons  a,  6,  c,  d,  is 
ortion  to  their  areas.  The  same  Ih 
any  part  of  the  inner  surface  of  the 
»r  of  any  section  of  its  interior. 

I  air  within  and  without  the  vessel  has  the  same  tension,  then 
mm  have  no  tendeDcjr  to  more,  the  inner  and  outer  pTtMSUT^a 
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exactly  balancing  each  other.  Any  premare  applied  apon  either  cf 
the  pistons  develops  an  increase  of  elastic  force  in  the  gaseous  contents 
of  the  vessel,  proportioned  to  the  amount  of  oompression.  This  pres- 
sure reacts  on  every  portion  of  the  inner  surface  of  the  vessel,  and  mores 
each  of  the  other  pistons  outwards  with  a  force  proportioned  to  its  i 


The  chief  difference  between  the  transmission  of  pressure  in  gases  and  Hqvids 
\n,  that  in  gases,  owing  to  their  elasticity,  the  efleota  of  pressure  are  not  MX  si 
long  distances,  so  instantaneously  as  in  liquids. 

The  distribution  of  illuminating  gas  in  citiM  through  many  miles  of  pipes, 
illustrates  both  the  law  and  the  exception. 

The  reaction  due  to  elasticity  prevents,  as  is  well  known,  the  driving  of  a 
blast  of  air  in  an  effective  manner  through  small  and  tortuous  passages. 

The  laws  and  illustrations  regarding  the  pressure  and  equilibrium  of  ]iquidl^ 
contained  in  ^g  191,  192,  193,  and  199,  are  also  true  of  gases ;  and  it  is  there- 
fore needless  to  repeat  them  in  this  connection. 

256.  The  atmosphere. — Its  general  phenomena. — A  vast  a^al 
ocean  rests  upjn  the  surface  of  the  earth,  penetrates  even  its  solid 
crust,  and  is  dissolved,  to  a  certain  extent,  in  its  waters.  It  is  composed 
of  the  two  incoercible  gases,  nitrogen  and  oxygen,  in  the  proportion  of 
nearly  four  parts  of  the  first,  to  one  part  of  the  second,  by  measure. 
It  is  held  in  its  place  by  the  force  of  gravitation,  which,  counteracting 
the  molecular  force  of  repulsion,  brings  it  to  equilibrium  at  about  forty- 
five  miles  above  the  earth.  This  height  of  the  atmosphere  Has  been 
determined  chiefly  from  the  phenomena  of  refraction,  as  observed  in 
its  effect  on  the  rising  and  setting  of  the  heavenly  bodies. 

It  is  the  opinion  of  Bunsen  and  others  that  the  atmosphere  extends  to  a  dis- 
tance of  about  200  miles,  although  its  density,  above  45  miles^  \»  too  small  ti> 
refract  light  to  such  a  degree  as  to  enable  us  to  observe  it  Many  pneamatie 
experiments  are  thought  also  to  indicate  an  altitude  of  the  atmosphere  exoeeding 
45  miles. 

The  atmosphere  partakes  of  the  motion  of  the  earth,  but  its  state  of 
rest,  with  respect  to  bodies  on  the  earth's  surface,  is  disturbed  by  winds 
and  currents,  caused  by  agencies  to  be  considered  hereafter. 

Like  the  ocean,  the  upper  surface  of  the  atmosphere  must,  theoretically, 
have  a  definite  surface,  since  each  particle  is  influenced  by  gravity  in 
a  similai  manner,  and  the  resultant  direction  of  these  actions  at  any 
point  must  be  a  radius  of  the  earth  (199). 

It  follows  from  {  191,  that  each  molecule  of  air  exerts,  at  a  given 
level,  the  pressure  due  to  the  weight  of  a  continuous  line  of  molecules, 
extending  vertically  from  the  point  chosen  to  the  outer  limits  of  the 
atmosphere.  Therefore  its  upward  pressure  (192),  its  pressure  on  the 
sides  of  any  vessel  (193),  and  its  buoyancy  (205),  are  the  same,  and 
governed  by  the  same  laws  as  those  already  enunciated  for  liquids; 
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prorided  always  that  there  is  a  communication,  however  small,  between 
the  outer  air  and  the  interior  of  any  given  vessel. 

2S7.  Atmospheric  presaore. — The  great  weight,  and  consequent 
pressure  of  the  atmosphere  upon  bodies  near  the  surface  of  the  earth, 
was  unsuspected  by  mankind  in  general,  until  Torricelli,  in  1643,  first 
sonoonoed  it. 

As  it  is  exerted,  in  obedience  to  the  laws  of  fluid  equilibrium  (199), 
slike  above,  below,  and  on  the  sides  of  all  bodies,  a  man  of  usual  size 
mores  about  unconsciouB  that  he  sustains  a  constant  load  of  over  30,000 
pounds,  or  more  than  fifteen  tons.  If  this  pressure  is  partially  re- 
moTed  from  one  surface  of  a  body,  its  existence  then  becomes  very 
manifest. 

301  202 


In  fig.  201,  the  apper  end  of  an  air-jar  is  hermetically  sealed  by  a  bladder 
ffkin  tied  on  when  wet  and  dried.  It«  lower  edge  resta  upon  the  well-ground 
plate  of  an  air-pump.  As  the  air  in  the  jar  is  gradually  exhausted  by  working 
the  pump,  the  surface  of  the  bladder  becomes  more  and  more  depressed,  until, 
fiiMdly,  the  membrane  bursto,  with  a  sharp  report,  owing  to  the  pressure  of  the 
atmosphere  resting  upon  it. 

This  experiment  demonstrates  the  downward  pressure  of  the  atmosphere  only. 

Its  vpward  pressure  is  illustrated  by  the  apparatus  seen  in  fig.  202. 

A  glass  jar  having  an  open  bottom,  and  sustained  on  a  tripod,  is  covered  by 
as  impervioiu  caoutchouc  bag.  When  a  partial  vacuum  is  produced  in  the  jar 
tkrongh  the  upper  opening,  the  yielding  bag  rises  and  carries  with  it  the 
veight  which  ia  hang  below.  This  heavy  mass  is  sustained  in  mid  air  as  on  an 
elastic  spring  by  the  upward  pressure. 

The  npward  pressure  of  the  air  may  also  4>e  illustrated  by  a  familiar  experi- 
ment with  a  tambIeK  Fill  a  tumbler  with  water,  and  lay  over  it  a  piece  of 
paper, — hold  the  paper  in  its  place  by  laying  upon  it  a  bo&rd  or  the  palm  of  the 
am  the  (ambler  bottom  upwards,  and  remove  the  hand  or  board,  the 
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upward  pressure  of  the  atmosphere  will  then  retain  the  paper  in  its  plaee,  ( 
the  tumhler,  and  preventing  the  discharge  of  the  water. 

The  pressure  of  the  air  from  all  sides  is  shown  by  the  well-known 
Magdeburg  hemispheres. 

This  apparatus  is  composed  of  two  hollow  hemi- 
spheres of  brass,  fig.  203,  whose  accurately  fitting 
edges  are  well  greased.  One  of  the  hemispheres  is 
fiirnished  with  a  stop-cock,  by  which  connection 
is  made  with  an  air-pump.  Placing  this  apparatus 
upon  the  air-pump,  and  exhausting  the  air,  it  will 
be  found  that  the  hemispheres  can  no  longer  be 
separated,  no  matter  in  what  position  they  may  be 
held ;  proving  that  the  atmospheric  pressure  which 
alone  keeps  the  hemispheres  together,  is  exerted  in 
all  directions.  Rings  adapted  to  each  hemisphere, 
enable  two  persons  to  test  their  strength  against 
the  atmospheric  pressure.  Otto  V.  Guerick,  who 
invented  them,  employed  a  pair  which  held  all  the 
power  of  a  strong  team  of  horses. 

Those  illustrations,  easily  multiplied  by  the  ingenuity  of  the  teacher,  gire  evi- 
dence of  the  fact  of  atmospheric  pressure  in  all  direotious,  but  do  not  indiotte  itf 
amount. 

258.  Baoyancy  of  air. — Bodies  weighed 
in  air  are  siistaitted  or  buoyed  up  by  a  force 
equal  to  the  weight  of  the  volume  of  air  dis- 
placed^ in  accordance  with  the  Archimede^an 
principle  (205). 

This  law  is  well  illustrated  by  the  appa- 
ratus seen  in  fig.  204.  A  hollow  globe  of 
brass  is  counterpoised  on  one  arm  of  a  balance 
by  a  brass  weight  at  the  other  end.  Placed 
on  the  plate  of  an  aii^pump,  and  covered  by 
a  bell-glass,  the  air  may  be  removed  from 
contact  with  the  two  masses  previously  in 
equilibrium ;  and,  in  proportion  as  the  vacuum 
is  produced,  the  globe  begins  to  preponderate  by  a  force  as  moch 
greater  than  the  action  of  gravity  upon  the  counterpoise  as  the  weight 
of  its  own  volume  of  air  is  greater  thai^that  of  the  counterpoise. 

The  brass  and  platinum  weights  used  in  delicate  determinations  of 
weight  are  standards  only  when  in  vacuum.  Let  us  then  represent  the 
various  values  as  follows  : — 

W  =  weight  of  the  body  in  air  as  estimated  by  standard  weights,  and  alao 
the  weight  of  the  standard  weights  themselves  in  a  vacuum. 
7*  =z  volume  of  the  standard  weights  in  cubic  inches. 
V  =  volume  of  the  body  in  cubic  inches. 

10  =  weight  of  one  cubic  inch  of  air  at  the  time  of  the  weighing. 
W  =-.  weight  of  the  body  in  a  vaonum— which  we  wish  to  find. 
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We  can  now  emly jledilto  the  following  Talaes  :— 

Pit  =  \mojmaej  of  air  on  tho  woights. 

Vm  =  bnoyancj  of  air  on  the  body. 

IP—  Pw  =  oetaal  weight  of  itandard  weights  in  air. 

W—Vm  =  aetaal  weigbt  of  body  in  air. 

Since  these  weights  just  balance  each  other,  we  have, 

w^Vm  =  w—rw,  or  ir  =  IP  -f  » ( r—r). 

The  eorreetfon  w  ( F— P),  which  mnst  be  made  to  the  weight  determined  by 
the  balanee  in  air  in  order  to  obtain  the  weight  in  a  racnam,  ia  evidently  addi- 
UTe  when  the  Toiame  of  the  body  ii  greater  than  the  weights,  and  snbtractire 
vbea  theee  ooaditions  are  rerersed.  When  the  rolames  are  eqnal,  the  eorreetion 
becomes  nro,  and  the  balance  yields  the  same  results  in  air  as  in  a  raennm.* 

If  a  Tessely  whose  capacity  is  100  cabic  inches,  is  exhausted  of  air 
tod  weighed,  fig.  205,  and  after  filling  it  with  dry  air  at  the  ordinary 
temperatare  and  pressure,  it  is  weighed  again,  it  will  205 

be  foQod  that  its  weight  is  31*074  grains  mure  than  at. 
first;   that  is,  100  cubic  inches  of  air  weigh  31*074 < 
grains.     Air  is  the  standard  of  comparison  in  density 
for  ail  gases  and  yaporR. 

259.  Impeuetrability  of  air. — Air  is  impenetrable. 
This  may  be  shown  by  inverting  a  lioUow  vessel,  as  a 
tumbler,  upon  the  surface  of  water;  when  pressed 
downward  the  water  will  not  rise  and  fill  the  tumbler, 
because  of  the  impenetmbility  of  the  air.  The  diving- 
beH  depends  on  this  quality  of  air :  it  consists  of  a  large  j 
bell-shaped  vessel,  sunk  by  means  of  weights  into  the 
sea,  with  its  mouth  downwards.  Notwithstanding  the  open  mouth, 
and  enormous  pressure  of  the  sea,  the  water  is  excluded  from  the  bell, 
because  of  the  air  contained  within. 

280.  Inertia  of  air. — Wind  is  only  air  in  motion.  If  the  air  had 
BO  inertia,  it  would  require  no  force  to  impart  motion  to  it,  nor  could 
it  acquire  momentum.  We  know  that  the  force  encountered  by  a  body 
moving  through  the  air  (that  is,  displacing  the  air),  is  in  proportion  to 
the  surface  exposed,  and  the  velocity  with  which  it  is  moving  (143). 

The  sailing  of  ships,  the  direction  of  balloons,  the  wind-mill,  and  the 
frightful  ravages  of  the  tornado,  are  all  familiar  examples  of  the  power 
of  moving  air,  and  consequently  proofs  of  its  inertia. 

III.    BAROVETERS  AND  BALLOONS. 

261.  Torricellian  ▼acaom.— Measure  of  atmospheric  pres- 
sure.— ^The  amount  of  pressure  exerted  by  the  atmosphere  was  first 
determined  by  Torricelli,  a  disciple  of  Galileo,  in  1643. 

*  Cooke's  Chem.  Physics,  p.  209. 
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If  a  glass  tube,  a  6,  fig.  206,  about  32  lucres  i%  length,  is  filled  with 
mercury,  and  then  inverted  in  a  vessel  of  the  same  fluid,  the  liquid 
column  will  fall  some  distance,  and  after  several  oscillations  will  coma 
to  rest  at  n,  a  height  at  the  level  of  the  sea,  of  about  thirty  incbei 
above  the  level,  a  c,  of  the  mercury  in  the  vessel.  206 

The  space  n  B,  above  the  mercury,  is  the  most 
complete  vacuum  attainable  by  mechanical  means, 
and  is  called  the  Torricellian  vacuum.  If,  after 
having  closed  the  mouth  of  the  tube,  we  lift  it  out 
of  the  dish,  we  shall  find  that  the  weight  of  the 
column  of  mercury  pressing  against  the  finger  is 
very  considerable.  When  we  place  the  tube  in  the 
vessel  of  mercury,  we  have  this  same  force  exerted, 
the  column  of  mercury  tending  to  flow  out  of  the 
tube,  and  another  force,  the  weight  and  pressure 
of  the  atmosphere,  tending  to  push  the  mercury  up 
in  the  tube.  The  length  of  the  mercurial  column, 
it  is  evident,  is  in  proportion  to  the  atmospheric 
pressure,  which  under  ordinary  circumstances,  is 
equivalent  to  a  column  of  mercury  thirty  inches  in 
height. 

We  may  now  easily  estimate  the  pressure  on  any  given 
nurfacc,  as,  for  example,  a  square  inch.  .  If  we  should 
take  a  tube  whose  base  is  a  square  inch,  and  repeat  the 
above  experiment,  the  column  a  n  would,  as  before,  be 
sustained  at  a  height  of  thirty  inches;  but  the  weight 
of  a  column  of  mercury  thirty  inches  in  height  and  one 
inch  square,  is  very  nearly  fifteen  lbs. ;  therefore  the 
atmospheric  pressure  on  a  square  inch  is  fifteen  lbs. 
(accurately  14*7225  lbs). 

If  the  tube  were  filled  with  a  liquid  lighter  than  meronry,  a  proportionallj 
longer  column  would  be  sustained  by  the  pressure  of  the  atmosphere :  the  length 
of  the  column  being  inversely  as  the  densities  of  the  two  fluids.  If  water,  which 
is  about  13*5  times  lighter  than  mercury,  was  used,  the  column  of  water  sustained 
would  be  13*5  times  as  long  as  the  mercurial  column,  or  about  thirty>foar  feet. 

262.  Pascara  ezpeximenta.— The  experiment  of  Torricelli  excited 
the  greatest  sensation  throughout  the  scientific  world,  and  the  explana- 
tion he  gave  of  it  was  generally  rejected. 

Pascal,  who  flourished  at  that  time,  perceived  its  truth,  and  proposed  to  sub- 
ject the  experiment  to  a  test  which  must  put  an  end  to  all  further  dispute.  "  If," 
said  Pascal,  "  it  bo  really  the  weight  of  the  atmosphere  under  which  we  lire, 
that  supports  the  column  of  mercury  in  Torricelli's  tube,  we  shall  find  by  trans- 
porting this  tube  to  a  loftier  point  in  the  atmosphere,  that  in  proportion  as  we 
leave  below  more  and  more  of  the  air,  there  will  be  a  less  colamn  of  mercury 
■ustalned  in  the  tube."  Pasoal  therefore  carried  a  Torricellian  tube  to  the  top  of 
a  lofty  mountain,  called  the  Puy-de-Dome,  in  Anvergne  (oentral  Frmoee).    It 
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that  Um  oolmBB  gnduaOj  ^Uminif  had  in  height  aj  the  eleration  to 
inatrament  wss  earried  inorvMed.  He  repeated  thii  experiment  at 
anee),  in  1646,  with  a  tobe  of  water,  and  found  that  the  eolnmn  was 
at  a  height  of  abont  thirtj-four  foot,  or  13*59  times  greater  than  the 
he  eolnmn  of  merenry. 

oiifttnic^on  of  bttrometezB. — Barometer  is  the  name  given 
illi's  tube.  This  instrument  has  different  forms,  according  to 
-  which  it  is  designed.  There  are,  however,  certain  conditions  to 
1  in  the  construction  of  barometers,  whatever  may  be  their  fonq. 
is  necessary  that  the  mercury  be  perfeoUj  pure  and  free  from 
lerwise  it  adheres  to  the  glass;  again,  by  impurities,  its 
changed,  and  the  height  of  the  column  in  the  barometer  is 
*  less  than  it  should  be. 

s  necessary  that  there  be  a  perfect  vacuum  above  the  surface 
>rcury  in  the  tube ;  for  if  there  be  a  little  air,  or  vapor,  as  of 
e  elasticity  of  these  will  continually  depress  the  mercurial 
ireventing  its  rising  to  the  trae  height. 

D  a  perfect  raoonm,  a  small  portion  of  pure  mercury  is  boiled  in  the 
tube,  and  when  cooled,  another  portion  207 

r  is  added,  and  again  boiled,  and  so  on, 
ube  is  full ;  by  this  means  the  air  and 
hich  adhered  to  the  walls  of  the  tube  are 
completely.  The  boiling  must  not  be  too 
sued,  otherwise  a  portion  of  ozyd  will 
which  will  dissolve  in  the  merenry  and 
ensity.  The  tube  being  filled,  we  invert 
i\  of  pure  mercury.  In  order  to  determine 
ere  is  not  some  air  or  moisture  in  the 
dine  the  tube  quickly ;  if  the  mercury 
r  metallic  sound  when  striking  the  sum- 
labe,  it  is  a  proof  of  their  absence,  while, 
present,  the  sound  is  deadened. 

pparatuB  illnatrating  the  princi- 
e  barometer. — By  means  of  the  air- 
d  the  apparatus  fig.  207,  the  princi- 
)  barometer  is  beautifully  shown. 

aratns  consists  of  a  large  bell-glass,  B, 
yphon  barometer  tubes  attached.  One  of 
as  its  eistem  within  the  bell.  The  other 
whose  cistern  is  without  the  bell,  com-  i 
with  its  interior  by  the  curved  tube  1 1', 
apparatus  is  placed  on  the  air-pump,  and 
of  air,  Uie  mercury  in  B  falls  in  proportion  to  the  vacuum  prodnoedy 
n  the  tobe  C  /,  in  the  same  proportion.  In  B  we  see  the  effect  of  dimin- 
turn,  as  on  a  mountain  or  in  a  balloon ;  in  C  the  pressure  of  the  external 
th«  mercury  in  it  to  rise,  forming  a  gauge  of  the  exhaustion.  When 
lUowed  to  enter,  the  meronry  in  the  tnbes  resnmei  Its  fonnev  poiWIL^iu. 
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265    Height  of  the  barometric  column  at  different  elevatioiif. 

— The  following  table  gives  a  comparative  view  of  the  height  of  me^ 
cury  ill  the  barometer  at  different  elevations  above  the  sea. 


At  the  level  of  the  sea,  the  mercury  stands  at        30 
5,000  feet  above    "  "  "  24773 

10.000    "     [height  of  Mt.  .Etna,]  "  20*459 

15,000    "    [height of  Mt.  Blanc]  "  16896 

3  miles  16*361 

6    *'     [above  the  top  of  the  loftiest  moantun,]   8*923 
9    "  4-866 

15    "  1-448 

266.  Cistern  barometer. — The  cistern  barometer  is 
the  most  simple  form  of  this  useful  instrument  It  con- 
sists of  a  Torricelli's  tube  of  glass,  filled  with  mercury 
and  plunged  into  a  vessel  containing  the  same  metal; 
this  vessel  or  cistern  is  of  various  forms. 

That  it  may  bo  transported  easily,  the  cistern  is  divided  into 
two  compartments,  m,  n,  fig.  208 ;  the  upper  division  is  cemented 
to  the  tube,  communicating  with  the  atmosphere  by  the  small 
hole  a.  The  two  compartments  are  united  by  the  narrow  neck 
into  which  the  lower  part  of  the  barometer  tube  enters,  fitting 
closely,  although  not  touching  the  walls ;  leaving  only  so  small 
a  space,  that  capillarity  will  not  allow  the  mercury  to  escape 
from  the  lower  compartment  when  we  incline  the  barometer.  So 
that  in  whatever  position  we  place  it,  no  air  can  enter  the  lower 
end  of  the  tube. 

This  barometer  is  always  fixed  on  a  wooden  support,  at  the 
upper  part  of  which  is  a  graduated  scale,  whose  sero  is  the  level 
of  the  mercury  in  the  cistern.     The  sliding  scale  t  indicates  the 
level  of  the  mercury  in  the  tube.  There  is  attached 
to  barometers  also  a  slider,  moving  by  the  hand 
upon  which  is  a  rentier,  by  means  of  which  we 
can  distinguish  very  small  variation?.     But  the 
level  of  the  mercury  in  the  cistern  varies  as  the 
column  of  mercury  in  the  tube  ascends  or  de- 
scends, for  then  a  certain  quantity  of  mercury 
passes  from  the  cistern  into  the  tube,  or  the  re- 
verse, so  that  the  sero  (the  level)  changing  the 
graduation  on  the  scale,  does  not  indicate  the 
true  height  of  the  barometer. 

Fortin*B  barometer. — This  error  is 
avoided  in  the  barometer  of  Fortin,  fig. 
211.  by  means  of  a  cistern  of  peculiar  con- 
struction, shown  in  fig.  209. 
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The  lower  part  is  of  deer-skin,  and  is  elevated  or  depressed  by  means  of  ths 
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tttrw,  G,  pressing  the  plate  D  B.  At  the  upper  wall  <»t  the  cistern  is  fixed  a 
ffflall  irorj  needle,  A,  whose  point  corrcsiponds  exactly  to  the  zero  of  the  scale, 
fnMlaated  on  the  case.  At  each  observation  with  this  instrument,  care  is  taken 
to  make  the  leyel  of  the  mercftry  in  the  cisteni,  correspond  with  212 

this  point,  which  is  aocomplished  by  turning  the  screw  up  or 


Vermier. — ^To  secure  great  accuracy  in  measuring 
tke  height  of  the  mercurial  column,  the  barometer  is 
famished  with  a  remier,  B  C,  fig.  210.  Ten  divisions 
on  the  remier  eorrespond  with  nine  divisions  of  the 


fradualed  seale.  The  remier  is 
■ored  by  a  raefc  and  pinion  until  its 
lower  eztrendty  eorreeponds  very 
aeearatelj  with  the  rarfaee  of  the 
mtKUTj  in  the  harometer  tnbe.  In 
the  figure  the  mercurial  column  ir 
ssiB  to  stand  a  little  above  the  divi- 
sion marked  760.  Counting  upward 
we  tea  that  the  serenth  division  of 
the  yeraier  is  exactly  opposite  one 
of  tho  dirliiona  on  the  graduated 
sealfli  This  gires  the  small  portion 
of  tha  •olnmn  above  7fiO  equal  to 
•eriB-toatba  of  a  division  of  the 
eeale^  and  tho  height  of  the  column 
it  lead  760-7. 

This  form  of  barometer  has  been 
adopted  bj  the  Smithsonian  Insti- 
tution* and  is  made  by  Mr.  Green, 
of  N.  Y. 

267.  The  syphon  baro 
moter.  in  rented  by  Gay  Lur- 
sac,  ooDsists  of  two  tubes,  fig. 
212,  of  the  same  internal  dimon- 
iioos,  onited  by  a  rery  capil- 
lary neck,  both  closed  at  their 
upper  extremities,  the  air  enter- 
mg  the  ciBtern  through  a  small 
hdeatC.  The  large  tubes  being 
of  the  same  interior  diameter, 
the  capillary  action  is  mutually  destroyed.  The  capillary  tube  is  made 
•mall,  so  that  when  w«*  turn  the  instrument  over,  it  remains  full, 
beeanse  of  its  capillarity.  For  measuring  the  height  of  the  mercury, 
there  are  two  scales,  E  and  D,  graduated  in  different  directions,  having 
th«r  eommon  sero  at  0,  on  a  line  intermediate  between  the  two  mer- 
terial  surfaces ;  so  that  by  adding  the  indications  of  these  two  scales, 
WO  hftTS  the  difference  in  the  level  of  the  mercury  in  the  two  tubes. 
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Bat  a  quick  moTement,  trsnsportAtion  in  a  oarriage  or  on  honebaek,  miy 
divide  the  mercurial  column  in  the  capillary  tabe,  and  thus  allow  the  air  to  pM 
into  the  long  arm,  whereby  the  accuracy  of  the  instrument  would  bo  defftroysi 

In  order  to  obviate  this  inconvenience,  M.  Bftnten  215 

has  modified  the  instrument  as  represented  in  fig.  213. 
The  long  arm  A  drawn  out  to  a  point,  enters  into  and 
is  soldered  to  a  larger  tube,  K,  which  is  attached  to 
the  capillary  tube.     With  this  arrangement,  should 
bubbles  of  air  even  pass  through  the  capillary  tube, 
they  cannot  enter  the  long  arm,  but  are 
retained  in  the  top  of  K.    These  bubbles 
of  air  have  no  influence  on  the  observa- 
tions, and  may  be  driven  out  by  simply 
heating  the  tube. 

268.  Wheel  barometer.— The 
wheel  barometer  is  an  instrument 
of  no  scientific  value,  but  has  a  cei^ 
tain  popular  interest  as  it  purports 
to  declare  the  state  of  the  weather. 
The  apparatus  consists,  figs.  214  and 
2 15,  of  a^ial  plate  attached  213 
to  a  syphon  barometer  hav- 
ing a  small  cylindrical  cis- 
tern, upon  whose  surface 
rests  a  float;  this  is  at- 
tached to  a  silk  string, 
which  winds  around  a  pul- 
ley, 0,  and  is  terminated 
by  the  counterpoise  P ;  the  ^i 
axis  of  the  pulley  carries 
a  needle,  which  rests  upon 
the  face  of  the  dial  plate. 
When  the  pressure  of  the  atmosphere  changes,  the  column  rises  or  falls 
in  the  tube  accordingly,  and  carries  along  with  it  the  float.  The  pulley 
turns  and  moyes  the  needle  to  the  words  rain — fair->changeable,  &c., 
which  are  designed  to  correspond  to  certain  heights  of  the  merourial 
column. 

269.  Caoaes  of  error. — In  order  to  obtain  the  true  height  of  the 
mercury  in  a  barometer,  we  must,  after  making  the  observation,  deter- 
mine by  calculation  the  error  caused  by  capillarity,  and  by  the  variatioiis 
of  density,  caused  hj  changes  of  temperature. 

Correction  for  capillarity. — When  the  barometer  tube  is  of  capil- 
lary diameter,  the  surface  of  the  mercul'y  in  it  becomes  convex  (233) 
and  the  depression  is  greater  by  as  mu<^  as  the  tube  is  more  capilkffy. 
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lor  oorreoting  this  error,  it  is  necessary  to  knuw  the  diameter  of  the 
lBb%  and  then  by  means  of  the  table  (238),  ascertain  the  depression, 
whicw  mast  always  be  added  to  the  observed  height. 

Coireotion  for  temperature.— In  all  mercurial  barometers,  we 
most  have  regard  to  the  temperature,  for  as  heat  expands  mercury,  it 
^nuDishes  ita  densi^,  and  in  consequence,  under  the  same  atmospheric 
pranTe  the  merciiTy  would  rise  as  much  higher  as  the  temperature  was 
man  derated.  Conseqaentiy  barometric  obsenrations  cannot  be  oom- 
piisd,  aoleas  they  were  taken  at  the  same  temperature,  or  are  brought 
by  csleeletjea  te  the  same  standard. 

if  il  k  setlrrij  aibitnry  what  tempersture  shall  be  chosen ;  that  of  melting 
in  Its  ftBOTally  besn  taksa.  A  table  showing  the  expansion  and  contraction 
tf  — leary  at  dfikreat  temperatnres  may  be  found  in 'the  chapter  upon  heat 
Tie  ■ttalttit  aad  aaeroid  barometers  hare  already  been  described  (103,  164). 

270.  VnUitloiui  of  the  barometric  height. — ^When  we  observe  a 
btnaeter  daimg  many  days,  we  notioe  that  not  only  does  its  height 
vary  ftem  dijy  to  day,  bat  also  in  the  same  day.  The  amount  of  these 
nwreasea  from  the  equator  towards  the  poles.  The  greatest 
(ezeeptmg  extraordinary  oases)  are  6  m.  m.  ('2362  in.)  at 
the  eqpnlor;  80  m.  m.  (1*181  in.)  at  the  tropic  of  cancer;  40  m.  ui. 
(1:5748  in.)  in  Franee,  and  60  m.  m.  (2*3622  in.)  25''  from  the  poles. 
The  gmelml  Tariadons  take  place  in  winter. 

1%«  aMm  dimmal  htigki  is  the  arerage  of  twenty-foor  saceeiaive  observationa 
taken  from  hoar  to  honr.  M.  Ramond  has  found  the  height  of  the  barometer  at 
aeon  to  ba  the  mean  of  the  day.  Th€ 
Meoa  «oal&/jr  i^^ighi  is  the  arerage  of  the 
thirty  mean  daily  heights  of  a  month. 
Tk4  MMM  oimiMil  heiffht  is  the  arerage  of 
the  three  hvndred  and  sixty-fire  mean 
4aily  helghU  ef  a  year. 

At  the  eqaator  the  mean  annual  height 
is  758  m.  m.  (29*842  in.)  It  increases, 
pamiag  from  the  equator^  and  attains  its 
maximum  of  763  m.  m.  (30-04  in.)  between 
the  latitadea  of  30<>  and  40<>;  it  decreases 
in  mora  elerated  latitudes.  The  mean 
monthly  height  is  greater  in  winter  than  in 
nmmer,  beemnse  of  the  oooling,  and  oonse- 
qetnt  inereaaed  density  of  the  atmosphere. 

The  seale,  fig.  210,  shows  the  barometric 
Tiriations  of  the  different  months.  Eqaal 
diitancea,  taken  on  the  lower  horixontal  /.  /.  m.  a.  vuj,  J.  a.  ».  o.  n.  d, 
Ibe,/— «r,  represent  the  doration  of  the  different  months,  and  the  curved  lines  at 
tkt  eommeneement  of  eaeh  interval,  the  moan  barometric  heights  corresponding 
to  the  BveeeasiTe  months.  We  have  then  curves,  whose  inflexions  make  known 
the  variatioiia  of  the  mean  from  one  month  to  another.  The  four  curves  reitie- 
21 
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sent  the  monthly  means  as  obseryed  at  Caleatta,  C,  at  Harana,  H ;  Ftm,  P, 
and  at  St.  Petersburg,  S.  P.  The  differences  of  the  eorres  lepreseat,  wUk 
threat  distinctness,  the  differences  of  the  mean  barometrie  heights.  GalcvUs 
and  Uarana,  on  the  same  latitude,  have,  it  will  be  seeD,  very  diiin«nt  meatUj 
means. 

Variations  observed  in  Barometers  are  of  turo  kinds. 

Ist.  Accidental  tariaiions^  which  do  not  offer  any  regularitj  in  their 
movements,  and  which  depend  on  seasons,  the  direction  of  the  wind, 
and  geographical  position. 

2d.  Diurnal  variations, — It  was  about  the  year  1722,  that  ths  hosrij 
variations  of  the  barometer  were  proved  to  take  place  in  a  r^nlar 
manner.  From  that  time,  many  observers  have  labored  to  determine 
the  extent  and  the  periods  for  the  different  parts  of  the  earth.  Akz. 
Yon  Humboldt,  with  others,  has  demonstrated  by  a  long  series  of  verj 
accurate  observations  at  the  equator,  that  the  maximam  of  heiglit  cor- 
responds to  9  o'clock  in  the  morning ;  the  barometer  then  falls  to  its 
minimum  at  four,  or  half  past  four  o'clock  in  the  aflemoon;  it  then 
rises,  attaining  a  second  maximum  about  ten  o'clock  at  night.  These 
movements  are  so  regular,  they  almost  serve  to  mark  the  hours  like  a 
clock,  but  they  are  very  small.  M.  Humboldt  found  that  the  distance 
between  the  highest  point  in  the  morning,  and  the  lowest  point  in  the 
afternoon,  was  but  two  m.  m.  In  the  temperate  zones,  these  diurnal 
variations  also  take  place,  but  are  very  difficult  to  ascertain,  becauM 
of  the  accidental  variations,  so  that  it  requires  extended  and  very  accu- 
rate observations  in  order  to  determine  them.  The  hours  of  the  maxi- 
mum and  minimum  of  the  diurnal  variations,  appear  to  be  nearly  the 
dame  in  all  climates,  varying  a  little  with  the  season.  Thus,  in  winter 
(in  France),  the  maximum  is  at  nine  o'clock  in  the  morning,  the  mini- 
mum at  three  o'clock  in  the  afternoon,  and  the  second  maximam  at 
nine  o'clock  in  the  evening.  In  summer,  the  maximum  takes  place 
before  eight  o'clock  in  the  morning,  the  minimum  at  four  o'clock  in 
the  afternoon,  and  the  second  maximum  at  eight  o'clock  at  night.  In 
spring  and  in  autumn,  the  critical  hours  are  intermediate. 

271.  Relation  between  barometric  changes  and  the  weather. 

— Those  variations  of  the  barometer  which  are  not  periodic,  are  gene- 
rally supposed  to  be  indications  of  changes  in  the  weather.  For  it  has 
been  noticed  that  those  days  in  which  the  column  of  mercory  was 
20'72  inches  in  height,  there  was  very  changeable  weather ;  that  in  a 
majority  of  those  days  when  the  mercury  rose  above  this  point,  there 
was  fine  weather  ;  when  it  fell  below  this  point,  stormy  weather,  snow, 
or  rain,  prevailed.  It  is  from  these  coincidences  between  the  height 
of  the  barometer  and  the  state  of  the  weather,  that  there  is  marked  on 
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tte  Male  or  dial  plate  of  barometer,  at  certain  heights,  tlie  wor<U 
storm  J,  rain  or  snow,  variable,  fine  weather,  &c.,  and  it  is  suppoiied 
thftt  when  the  mercurj  stands  at  the  height  indicated  respectively  by 
Ibese  worda,  we  shoald  have  corresponding  weather.  Now,  although 
this  may  be  troe  to  a.  certain  extent,  yet  a  little  reflection  will  show  the 
&Uacy  of  each  indications.  The  height  of  the  mercurial  column  varies 
with  the  pusitioD  of  the  barometer,  and  consequently  twu  barometers, 
h  diiiereni  places,  not  apon  the  same  level,  would  indi<»te  different 
eoaii^  fhangw.  The  changes  of  weather  are  indicated  in  the  barome- 
lir,  not  by  the  actual  height  of  the  mercurial  column,  but  by  its 
(of  heii^t. 


Rolaa  by  'whioh  ooming  changes  are  indicated. — The  follow- 
ing nilet  may,  to  some  extent,  be  relied  upon  but,  for  reasons  already 
stated,  sifuit  be  taken  with  a  considerable  degree  of  allowance. 

L  The  sadden  fiiU  of  the  mercury  is  usually  follqwed  by  high  winds 
and  stonas. 

2.  The  rising  of  the  mercury  indicates  generally  the  approach  of 
km  weather ;  the  &lling  of  it  shows  the  approach  of  foul  weather. 

Zm  In  saltry  weather,  the  fitUing  of  the  mercury  indicates  coming 
tbsnder.  In  winter,  the  rise  of  the  mercury  indicates  frost  In  frosty 
weather,  its  faU  indicates  thaw,  and  its  rise  indicates  snow. 

4.  Whatever  change  of  weather  follows  a  sudden  change  in  the 
barometer,  may  be  expected  to  last  but  a  short  time. 

5.  When  the  barometer  alters  slowly,  a  long  continuation  of  foul 
weather  will  succeed  if  the  column  falls,  or  of  fair  weathor  if  the 
column  rises. 

6.  A  fluctuating  and  unsettled  state  in  the  mercurial  column,  in<ii- 
catee  changeable  weather. 

272.  Measure  of  heights  by  the  barometer. — Since  the  level  of 
the  mercury  in  the  barometer  falls,  as  we  ascend  above  the  earth,  vre 
see  that  it  is  possible  to  determine  by  barometric  observations,  the  ele- 
vation of  a  mountain,  or  of  any  other  place  above  or  below  the  level 
of  the  sea.  If  the  atmosphere  had  a  uniform  density,  we  could  ascer- 
tain, by  a  very  simple  calculation,  the  height  to  which  the  barometer 
wall  nJsed,  from  the  amount  of  the  fall  of  the  mercurial  column ;  for, 
mercury  being  10,466  times  heavier  than  air,  a  fall  of  one  m.  m. 
("03937  in.)  of  the  barometric  column,  would  indicate  that  the  column 
of  air  had  diminished  10,466  m.  m.  (412*054  in.),  and  therefore  the 
height  measured  would  be  10,466  m.  m.  But  as  the  atmospheric 
pressure  diminishes  very  rapidly  as  we  ascend,  such  calculations  are 
of  DO  valne  CMept  for  small  elevations,  and  it  is  necessary  to  det^r- 
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mine  the  rate  of  diminution  in  denaitj  ^f  th«  ur,  in  proportion  as  it  is 
further  removed  from  the  earth.  Tables  have  also  been  oonstrocled  b; 
which  we  can  easily  calculate  the  level  between  any  two  places,  wbeo 
we  know  the  height  of  the  barometer,  and  the  temperatore  of  tbt 

atmosphere.* 

The  altitude  of  any  place  above  the  level  of  the  sea  may  also  be  etl- 
culated  by  the  following  formula,  given  by  Prof.  Guyot,  in  the  tables 

referred  to  below : — 

If  we  call 

h  ==  the  observed  height  of  the  barometer,  I 

T  =  the  temperature  of  the  barometer,         V  at  the  lower  station. 

t  ==  the  temperature  of  the  air,  j 

h'  =  the  observed  height  of  the  barometer,  I 

7*  =  the  temperature  of  the  barometer,       I  at  the  upper  station. 

t'  =  the  temperature  of  the  air,  ) 

If  we  make,  further, 

Z  c=  the  difforence  of  level  between  the  two  barometers ; 

L  =  the  moan  latitude  between  the  two  stations ; 

H  =  the  height  of  the  barometer  at  the  upper  station  reduced  to  the  tempera- 
ture of  the  barometer  at  the  lower  station ;  or, 

H  ==h'  ^  1  -f-  0-00008967  {T  —  T)  }  ; 

The  expansion  of  the  mercurial  column,  measured  by  a  brass  seale,  for  1^ 
Fahrenheit  =  0*00008967 ; 

The  increase  of  gravity  from  the  equator  to  the  poles  =  0*00520048,  or 
0-00260  to  the  45th  degree  of  latitude; 

The  earth's  mean  radius  =  20-886,860  English  feet ; 

Then  Laplace's  formula,  reduced  to  English  measures,  reads  as  follows : — 


h 
Z  =  log.  -  X  MlftSHJ  Bng.  feet, 
H 


/  t  _|-  f  __  64  X 

0  +  -»or-)- 

/  1  -f  0.0026*  cos.  2  l\ 

I  «  +  52252  A         \ 

\     "^    20886860    "'"  10443430/ 


Zy  in  this  formula,  is  the  approximate  value  of  Zf  as  given  by  that  part  of  tks 
formula  preceding  the  parenthesis  in  which  s  is  introduced. 

Heights  may  bo  calculated  by  the  above  formula,  but  the  calcnlatioii  is  mneb 
facilitated  by  the  use  of  the  Smithsonian  Tables. 

273.  Balloons.— Bodies  in  air  (like  solids  plunged  in  liquids)  lose 
a  part  of  their  weight,  equal  to  the  weight  of  the  air  displaced.  From 
this  it  follows,  that  if  a  body  weighs  less  than  an  equal  volume  of  air 
it  will  rise  in  the  atmosphere  until  it  meets  with  air  of  its  own  density: 
hence,  heated  air,  smoke,  ka^  rise,  because  they  are  less  dense  than 
cold  air. 

Dr.  Black,  of  Edinburgh,  announced  in  1767,  thai  a  Hght  vessel^  lUled  witb 

*  Guyot's  Meteorological  and  Physical  Tables,  Smithsonian  CoTlectioDs. 
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I  gma,  wttiild  rii«  in  tb«  air  ;  *iad  CavaUo,  in  1783,  ^minutiiDatod  to  the 
I  Stt«i«^  lo  LoDdoci  tbd  f^crt,  that  sqfi|i-biibbl«j»  filled  wLtb  bfiirogcn^  tr^uM 
I  In  tlii«  ■liiiaaph«>r«.  The  brotbera  Moatgf»lfIer,  iu  17^2;,  fintt  cutiji trucked 
fakUfloQi,  Theae  coDsUt^d  of  globes  of  olotb,  liiiud  witli  |J»pcr.  The  oae  tbut 
1^  &r«i  «2hibil«d  publidjTi  WM  «  globe  Abottt  tbirt^  feet  m  ^'mmvt^i^  vpen  u 
tb»  lowvr  F*'^  Wkvv  Tbicb  wm  plaeod  a  Sro.  Tbi^,  tiiinmdmj*  tbe  ait  wilbiu 
tfae  glohtt  diminbbed  JU  denfiily,  aod  the  balloon  roae  to  a  bei^b*  of  nearly  a 
»0e.  Ool^air  bAiiodna  «!%,  tbarvrore  (ld  allti^iaa  i<y  tbeir  iav'ijtiturB)^  u^usilly 
e^Ufid  Hci&tjolilefa.  fialJoQittf  lilkcl  wtlh  bjrJrogeit  w6t9  £r»t  Jntrodueud  t>y  Mr. 
Cbailei,  pr0r««fl^or  of  pbjiics  in  Parii^  in  1782^  and  io  Norombi^r  of  ifafi  £!aine 
Jtmr,  PilAlTD  de  Ro<ii^r  tuade  tb«  firat  a«rial  vajaga^  in  ■»  balluun  fillt-d  wltb  bot 
air.  Tb«  ai^canfion  took  pl»oe  ffom  Boologne,  Soon  nflur,  Mvairs.  Cbarlefl  mut 
KnihmwU.  ifi  tliQ  garden  of  tbo  TuilkticB^  repeated  tbe  sainv  eiperimcut  in  a  bol- 
h»m  ^Uod  witb  bjdrogftB  gas.  At  ibis  iipoab,  aerial  royagca  riiuUi plied.  Itj 
Januarr,  1784,  Bereo  portoo*  rose  from  Lyoua,  (bru*  from  AIil«i,  Ac. ;  and  aonn, 
■»  IniliKrited  v«re  tbo  poblict  «riib  ibiM  tuetbtid  oT  ativi  gating,  lb  at  Lt  waa  not 
imirffin-r  fo<r  pfiOftla  to  ascend  in  a  bulloc^n  which  was  rt^E trained  from  guiog 
!•«  fwt  by  ineaQi  of  •  iH>rd;  wheo  the  ad  von  hirers  bad  uttAlnod  a  certain  betgb^ 
tJie  balloon  v&a  drawn  down  by  mean  a  of  ibe  eord^  and  otb^r  voyagera  took 
th«ir  piaoe. 

Gay  LassaCy  September  16,  1804,  made  an  ascent  remarkable  for  tbe  facts 
with  which  it  enriched  science,  and  for  the  height  which  was  attained,  namely 
7016  metres,  or  aboat  23,019  feet.  In  those  elerated  regions,  Gay  Lusaac  found 
respiration  and  the  ciroalation  of  the  blood  much  accelerated,  because  of  the 
rarefaction  of  the  ayaosphere;  hia  heart  making  120  pulsations  in  a  minute, 
while  66  was  ita  normal  rate.  He  also  collected  there  specimens  of  air  for 
chemical  analysis,  and  determined  the  cold  of  space. 

Constxaction  and  fill- 
ing of  balloons. — Generally 
the  balloon  is  pear-shaped. 
It  is  made  of  a  material  imper- 
Tious  to  hydrogen  gas,  often 
of  strips  of  taffeta  sewed  to- 
gether, and  covered  with  a 
▼amish,  composed  of  linseed 
oil  and  caoutchoao,  dissolved 
in  eosence  of  turpcDtine,  or 
«f  a  tisane  formed  of  a  layer 
of  eaoniohouc  interposed  be- 
tween two  layers  of  taffeta, 
■id  called  maekifUosh, 

9o  tn  the  balloon.  A,  fig.  217, 
■a  aportare  at  its  lower  end  is  placed  in  communication,  by  means  of  a  tube, 
T,  with  TMsels,  1 1,  generating  hydrogen  (from  the  action  of  dilute  sulphuric 
aeid  on  iron).  When  the  balloon  is  sufficiently  filled,  the  aperture  is  closed. 
Sospeadad  by  means  of  a  net-work  of  ropes  covering  tbe  whole  apparatus,  is  a 
boat  formed  of  wieker-work,  for  the  reception  of  the  aeronauts,  fig.  218.  At  the 
■ppcr  part  of  the  balloon  is  a  valve,  which  the  manager  may  open  or  sbut  at 
51* 
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pI«A.8nro  by  means  of  »  cord.    As  illiiiBmaftiBg  gaa  ean  OBoally  be  procured  mon 
easily  than  hydrogen,  it  is  frequently  used  by  aeronavts ;  but  being  at  least  seTea 
times  more  dense  than  pure  hydrogen,  the  balloon  requirea  to  be  of  a  eonefpond- 
ingly  larger  sixe,  in  order  to  obtun  the  same  afoeasional  foroe. 
218  219     • 


The  balloon  must  not  be  completely  filled,  for  the  atmoBpheric  pre«. 
sure  diminishing  upwards,  the  gas  in  the  interior  will  expand  in  a  like 
ratio,  and  tend  to  burst  the  balloon.  A  number  of  fatal  accidents  have 
taken  place  from  this  cause. 

When  the  aeronaut  wishes  to  descend,  he  pulls  the  cord  which  opens 
the  valve  in  the  upper  part  of  the  balloon,  and  thus  the  hydrogen 
escapes,  and  the  balloon  comes  down.  If  he  wishes  to  ascend,  be 
throws  out  bags  of  sand  which  he  has  taken  up  with  him,  and  the  bal- 
loon, becoming  thus  lighter,  rises  to  a  correspondingly  greater  height 

Parachute. — Aeronauts  often  abandon  their  balloons,  and  descend 
in  a  parachute.  This  apparatus  is  composed  of  strong  cloth,  and  when 
extended,  has  the  appearance  of  an  umbrella,  fig.  219,  with  this  diffei^ 
ence,  that  the  whale-bones  are  replaced  by  cords,  sustaining  a  small 
boat,  in  which  the  aeronaut  places  himself.  There  is  a  small  chimney, 
or  hole,  in  the  top  of  the  parachute,  in  order  to  allow  the  air,  which 
would  accumulate,  to  escape  regularly,  otherwise  it  would  escape  fitfully 
by  the  sides,  throwing  the  apparatus  violently  around,  to  the  imminent 
peril  of  its  occupants. 

IV.    COMPRESSIBILITY  OF  GASES. 

274.  Mariotte*8  law. — Boyle  and  Mariotte  discovered  the  law  of 
the  compression  of  gases,  which  is  as  follows ; — 


OF  a^Bi^. 


X» 


M  the  m$me  Umperaiure,  the  i^ume  ocmpM  by  tht  mme  hulk  of  aiV, 
tf  in  meerw  T<dio  to  /A*  pitssure  ichkh  it  supports.  From  whicli  it 
Mlon^  thai  the  ^ensitj  and  tension  of  a  gas  are  propiirtloiiftl  lo  the 

Let  F  and  V^  fepre««iit  the  vokme  of  a  gas  at  different  pr«Beur«8 
/'and  /*",  ftod  X>  and  IX  the  different  deusitiet^.    Then 


F ;  r^^  P'lF,    whence 


P  F 

P^r^andP'^F-. 


n-ir^FiP', 


F^  IT 

whence  IK  =^2?^- and  P'  =  P^. 
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Expeiimeotal  verification  of  M^iotte'a  Law. 
In  order  tu  verifj  this  law,  the  wpp&ratue  caller!  Mariiitte's  tube  » 
empkijed.  To  an  upright  support  nf  wood  is  attached  n  bent  tube,  fig. 
230,  wliose  two  vertical  branch ea  ore  unequjil  in 
length.  The  longer  limb  h  open  at  the  top,  and  foi^ 
niched  with  a  scale  which  indi- 
cates beighta  ;  the  shorter  ii  cloie<l 
m  the  lop,  and  is  divideil  into 
parifl  of  equal  capacity.  Mercury 
i»  poured  into  the  tube  so  that  the 
lerel  of  the  liqaid  in  the  two 
br&ncbeia  is  found  on  the  same 
horisoDtal  Jine,  la.  The  air  in 
the  shorter  limb  then  occupies  a 
definite  volume,  indicated  bj  the 
padoation.  If  Euore  meranry  ia 
-^ed,  on  til  the  niei^ured  volume 
^  air  i»  reduced  one-half,  as  fr^iin 
ten  to  five,  occupying  only  the 
Bhor^  I',  and  we  now  mea^ 
}  the  difference  of  level  between 
te  Nro  vurfaces  of  mercury »  viz. : 
«^  k,  we  ithall  find  that  it  is  the 
■ame  as  the  heij^ht  of  the  baru- 
aetric  column.  That  is,  the  pres- 
lOfe  of  tlie  column  of  mercury  in 
the  Hariotte'e  tube  in  equivalent 
te  one  fttnaoephere  *  adding  thin 
preseure  to  tha^  which  tiie  atmo- 
iphere  exerts  om  the  mercurj,  we 
iMJtve  Uie  sir  soljected  to  double  of  its  usual  pressure,  and  it  is,  const- 
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quentlj,  reduced  in  volume  one-half.  If  we  subject  it  to  a  pressure  ot 
three  atmospheres  it  will  be  reduced  to  one-third ;  of  foar  atmospheres, 
to  one-fourth  of  its  original  bulk,  &o.  By  this  law,  at  a  pressure  <^  814 
atmospheres  air  would  become  as  dense  as  water. 

The  law  of  Mariotte  may  also  be  verified  for  pressures  less  than  one  atmo- 
sphere, by  using  a  barometer  tube,  about  two-thirds  filled  with  mereury,  sod 
inverted  in  the  debp  cistern,  fig.  221,  filled  with  mereury.  Sinking  the  tube  to 
such  a  depth  that  the  level  of  the  meroory  within  and  without  is  the  same ;  the 
contained  air  is  under  the  pressure  of  one  atmosphere,  and  occupies  a  knovn 
volume.  If  the  tube  is  now  raised  until  by  a  diminution  of  pressure  the  gireo 
volume  of  air  is  doubled,  it  will  be  found  that  the  length  of  the  mercurial  column 
in  the  tube  is  half  that  in  the  barometer :  that  is,  the  air  under  a  pressure  of  one- 
half  an  atmosphere  has  doubled  its  volume.  The  volume  here,  as  in  the  other 
case,  is  in  inverse  ratio  to  the  pressure. 

275.  Bzperimenta  of  Despretz. — Mariotte's  law  was  generally 
received  as  correct,  until  Despretz,  not  doubting  its  correctness,  so  hi 
as  air  was  concerned,  undertook  to  test  this  law  in  its  application  to 
other  gases.     For  this  purpose  he  filled  several  tubes  of  the     322 
same  height  with  different  gases,  and  inverted  them  in  a  vessel 
of  mercury,  placing  behind  them  a  graduated  scale,  as  shown 
in  fig.  222.     This  apparatus  was  then  introduced  into  a  glass 
cylinder  filled  with  water,  and  subjected  to  pressure  by  means 
of  a  forcing-pump. 

As  the  pressure  increased,  the  height  of  the  mercury  in  the 
different  tubes  varied,  as  shown  in  the  figure,  and  this  variation 
increased  with  the  pressure.  Carbonic  acid,  sulphuretted  hy- 
drogen, ammonia,  and  cyanogen  were  compressed  more,  and 
hydrogen  less,  than  common  air.  These  experiments,  in  which 
the  probability  of  error  is  extremely  small,  show  that  each  gas 
has  a  special  law  of  compressibility,  differing  more  or  less  from  the  law 
announced  by  Mariotte. 

A  series  of  very  accurate  experiments,  subsequently  conducted  by  PoiiiiU€t» 
by  a  difierent  method,  confirmed  the  results  of  Despreti,  who  had  annooneed 
the  unequal  compressibility  of  different  gases. 

276.  Experiments  of  Regnaalt.* — Mariotte's  law  has  been  sniyeeted 
to  the  test  of  very  careful  and  repeated  experiments  by  Dulong,  Arago,  and 
others.  But  the  most  complete  and  reliable  experiments  are  those  conducted  by 
Reguault 

Regnault  kept  the  column  of^gas  upon  which  he  was  experimenting  at  a  uni- 
form temperature  by  a  stream  of  cold  water  flowing  through  a  cylinder  which  snr- 
rounded  the  tube  of  condensed  air  or  other  gas.  The  utmost  precaution  was  takes 
to  remove  every  trace  of  moisture  from  the  gases  employed.  The  temperature 
and  atmospheric  pressure  were  carefully  noted  at  every  experiment,  and  due 


*  M^moires  de  TAcad^mie  des  Sciences,  Tom.  XXI.,  p.  829. 
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i1!»mapf  made  for  I  heir  irliaujrwj.  The  t4siu|rtr(iitiie  qT  the  eolomii  of  mercarj 
tmphjt^l  to  measure  lUi'  pro^aure  wu  niit«4r  and  ^b^  bd^tit  of  the  column  cor- 
rpMci}  u^ordlagly,  Fitialiy  ihu  c^Ddenaatitni  of  tbo  mcrcnri«l  eolamn  due  to 
ill  awn  wi^ijgbl  wma  nlfio  (roo^idtired,  ftml  ovt>r^  po.^aiblc  prt^'aution  was  obsenred 
lo  kHar«  tbe  otmoft  }>ccurac7  in  the  Qipcriinctirit. 

Heauita  obtained  by  Regnaalt. 

T^t  following  tsble  girct  some  of  the  prioc^lpB]  rt^fmlU  obtained  by  lUgnMilt. 

Let  P  rtpiftwDt  the  preffsuro,  when  my  g*B  opcupiet  &  rulume  F,  and  P'  the 

ptnnire  wben  th«  Tulume  of  (he  aamv  gaa  ii  P.   If  Mariotte'A  law  were  strieUy 

PV 
(uneet,  we  slioald  bartt  P  r«|ii<iJ  to  /"  F,  or  — —  oagbt  to  be  equal  to  unity. 

P'  ir 


JJr, 

EffDV^Q- 

Ov-bouk  Adid. 

Hydrogtn. 

F 

J^ 

p 

FT 
P'V 

P 

^              P      \      ^ 

P'F* 

P'V     1          PT 

788-72 
4209-48 
8177  48 
933641 

1-001414 
1-002765 
1003253 
1-006366 

753-46 
4953-92 
8628-54 
10981-42 

1-000088 
1-002952 
1004768 
1006456 

m.m. 

76403 
3186-13 
9351-72 
9619-97 

1007597 
1-028698 
1-045626 
1-155865 

m.m. 
u 
2211-18  0-998584 
2845-18  0-996121 
9176-50  0-992933 

PV 
We  here  see  that  in  the  four  gases  examined,  the  ratio  — ^ —  was  found  very 

■early  equal  to  unity,  showing  that  though  Mariotte's  law  is  not  absolutely  true, 
it  is  snSciently  accurate  for  most  purposes. 

In  the  case  of  air,  nitrogen,  and  carbonic  acid,  the  compressibility  augmenU 
■oie  rapidly  than  the  increase  of  pressure,  while  in  the  case  of  hydrogen  the 
eoaipreasibility  diminishes.  It  has  also  been  ascertained  that  the  rate  of  com- 
preHibility  for  any  gas  yaries  with  the  temperature.  For  example,  carbonic 
lead  at  213®  F.  agrees  almost  exactly  with  Mariotte's  law. 

277.  Oeneral  conolusioiui  on  the  oompressibility  of  gases. — 
From  a  careful  consideration  of  all  the  experiments  opon  the  conden- 
midon  of  gases,  it  seems  reasonable  to  conclade  that : — 

1st  There  is  some  temperatare,  differing  for  different  gases,  at  which 
the  oompressibility  of  gases  corresponds  with  Mariotte's  law.  Tbot  at 
kigher  temperatures  the  compressibility  diminishes,  and  at  lower  tem- 
peratures the  compressibility  increases. 

2d.  Aknost  aH  gases,  by  a  certain  amount  of  pressure,  are  liquefied, 
tad  it  is  foand  that  their  compressibility  increases  very  rapidly  near  the 
poini  of  liqaefaction. 

Although  these  oonclnsions  are  based  upon  the  analogies  of  science, 
ind  apparently  indicated  by  experiments,  yet  further  observations  are 
Ttqoired  for  their  confirmation. 
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V.    INSTEUMBNT3  DIPENDINO  ON  Tffl  FROFBRTIIS  Of  flAStS. 

278.  Manom^ten. — ^Mooojueteri  are  tostrumenta  designed  to  st* 
sure  the  tension  of  gikses  or  Tapors  above  the  aimoapherie 
pressure.     The  unit  of  ntt^a^ureroent  which  has  been  choten 
for  these  instrumente  is  the  preBsute  of  the  atmo£pber0f 
which,  at  the  level  of  tbe  fea,^ii  (261)  equal  to  about  15  Ibe. 
to  the  square  loch,  and  therefore  a  presture  of  two  or  of  threft 
atmospheres  signiSei  a  p reinsure  of  30  Iba*  or  of  15  lbs,  ^m 
Manometers  are  of  very  various  oouBtraction,  two  of  which     || 
will  be  mentioned,  namely  : — 

279.  Ist.  Manometer  with  free  all.— This  con&iats  of 
a  glass  tube,  B  D,  fig.  223,  open  at  both  ends,  placed  in  a 
cistern  of  mercury,  to  which  it  is  cemented.  The  cistern  ia 
connected  with  an  iron  tube  A  C.  By  this  tube  the  preseure 
of  the  fluid  is  transmitted  to  the  mercurj.  The  gases  whoee 
tension  we  wish  to  find,  being  often  of  a  temperature  suffi- 
ciently high  to  melt  the  cement  attached  to  the  apparatus, 
the  tube  A  0  is  filled  with  water,  which  receives  the  pros- 
sure,  direct,  and  transmits  it  to  the  mercury. 

In  order  to  graduate  this  instmment,  A  being 
open  to  the  atmosphere,  that  point  where  the 
mercury  rests  in  the  tnhe  is  marked  1  (one  latmo- 
sphere).  At  distances  of  thirty  inches,  the  num- 
bers 2,  3,  Ac,  are  marked,  which  indicate  the 
number  of  atmospheres,  for  it  will  be  remembered, 
that  a  column  of  mercury  thirty  inches  in  height 
represents  the  atmospheric  pressure.  The  appa- 
ratus being  placed  in  connection  with  a  steam- 
boiler,  we  ascertain  the  pressure  to  which  it  is 
subjected  by  the  height  to  which  the  mercury 
rises  in  B  D ;  if  to  2*5,  the  pressure  is  2-5  atmo- 
spheres, or  .37^  lbs.  to  the  square  inch. 

280.  2d.  Manometer  with  com- 
pressed air. — This  form  of  the  instrument 
consists  of  a  glass  tube  filled  with  dry  air, 
placed  in  a  cistern  of  mercury,  to  which  it 
is  cemented.  This  by  a  lateral  tube.  A,  fig. 
224,  communicates  with  the  vessel  contain- 
ing the  elastic  fluid  to  be  gauged. 

In  order  to  graduate  the  manometer,  such  a 

quantity  of  air  is  placed  in  the  tube,  that  when  A      

communicates  with  the  atmosphere,  the  level  of  the  mercury  is  the  same  fai  tha 
tube  as  in  the  cistern.  At  this  point,  therefore,  1  is  marked  upon  the  scale. 
Following  Mariotte's  law,  it  might  be  supposed  that  we  should  mark  for  two 
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atmoffphereSy  at  a  point  Id  tbo  middle  of  the  tube,  but  when  the  column  of  air  is 
reduced  half,  the  tension  of  two  atmospheres  is  increased  by  the  weight  of  the 
eolnnm  of  mercury  raised  in  the  tube,  and  therefore  the  middle  point  of  the  tube 
would  represent  a  pretsure  greater  than  two  atmospheres.  The  true  position  for 
Um  aeeond  mark  is  at  a  point  a  little  below  the  middle  of  the  tube,  where  the 
tlasiie  foree  of  the  compressed  air,  added  to  the  weight  of  the  column  of  mer- 
euTj,  is  eqoal  to  two  atmospheres. 

Th«  tme  position  of  the  points,  indicating  3,  ^  Ac,  atmospheres,  is  determined 
•a  the  seale  of  the  manometer  by  calculation.  This  is  not  a  yery  desirable  form 
«f  maiKHBetery  beeanse  the  Tolume  of  air.  growing  smaller,  the  divisious  must 
eentiBaallj  diminish  in  siae,  and  therefore,  eyen  considerable  yariations  of  pres- 
an  are  not  easily  obsetred  in  the  upper  portion. 

Btmrdon*9  metaUie  baromeieTf  described  in  2  163,  is  much  used  as  a 
nanometer  or  gauge  for  steam-boilers.  It  is  sometimes  called  Ash- 
eroft'a  gauge,  and  is  the  best  instrument  in  use  for  the  purpose. 

[For  the  diffusion,  effusion,  and  transmiHsion  of  gases,  the  mixture 
of  gaaee  and  liquids,  and  the  absorption  of  gases,  see  the  Author's 
-  Ckemi^ry."] 

281.  B«Uows. — ^The  most  common  instrument  for  producing  a  cur- 
rent of  sir  ia  the  ordinary  bel-  S3& 
lows,  fig.  225,  consisting  of  two 
leaTes  of  wood  united  by  leather, 
and  terminating  in  a  metallic 

tube  L      A  valve  s  is  placed  in        -^.^^z;-^:^— ^— ^mtt;  ^ 

the    lower    leaf,    opening    up- 
wards, s 

When  the  leaves  are  pressed  together,  the  valve  •  closes,  and  the  contained 
sir  escapes  through  t.  But  when  the 
leaves  are  separated,  air  rushes  in 
through  the  valve  and  also  through 
the  tube,  through  which  last  it  is  again 
ejected  upon  pressing  the  leaves  to- 
gether. 

Bellows  with  a  oontinaons 
blast. — In  the  ordinary  bellows, 
the  blast  of  air  is  intermittent. 
Where  a  continuous  jet  is  wanted, 
a^  at  a  smith's  forge,  a  double 
blast  bellows  is  used,  fig.  226. 

This  consists  of  three  pieces  of  wood, 
of  wliich  one,  D,  is  immovable,  the 
ethers  are  connected  with  this  by 
Beans  of  leather.  The  apparatus  is 
divided  into  two  compartmenU,  U  V.  The  blast-pipe  communicates  with  tho  one 
skove:  in  the  lower  one,  air  is  introduced  through  the  lower  valve,  S.     When 
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tiie  lever  is  drawn  down,,  kj  «hovD  bj  the  &miif »  the  ^aive  8  do««,  tad  Ik 
uir  beiug  cMmjire^s^HJ^  pvigcs  mtV  U  tfarougb  tb«  ra1rf>«  rr,  rBisiDg  C  B,  ud  |k- 
tJ4l)Y  efiejipiiiif;  throu|C^h  the  IuIk.  Witb  tho  rercrfle  motion  (•cci^cnl^d  fa^  it,bi 
w«'ijU;ht  Pji,  thb  v^Itifs  rr  clote^  and  ihe  «xt«rior  air  enter*  V  bj  tlla  rtlrt  ?. 
During  rhiii  ritnt\  tbu  uppef  weij^ht,  P',  ctttia«fl  C  B  (q  desrend*  and  UiDi  tbmi 
cutilibiJ^Lly  &ri  e^nipi'  af  Atr  by  the  bl*at-pip€.     Th«  wei^^ht  maj  be  nplieed^ 

282.  Furnace  blowert.— ^b  bl&st,  or  higb  fum«oes,  bbwisg  n- 
cliiiiL'fi  tire  cuipk^jed,  bj  mcanH  of  vrhich  a  large  volume  of  air  u  {unxi 
luUi  the  liro;  those  mjichioes  are  of  very  Tarioua  constraction. 

Fig.  227  rt}preiJ4L'Dte  on«  of  them  ;  it  co-nitite  of  m  ea«t  iroin  ejlindeT^  o3.iitiifli«| 
pisKm*  f»r  ^^r  wkieh  tbe  rod,  f,  pftflies^  air  tigbt,  thruuj^b  a  pftcLin|-boi,  i{ 


tht-tt^  arc  four  vulvyp,  twu  uf  wbieh 
a  a'  Dp«Ding  inwiLrd.^,  driiw  m  Mir; 
the  air  pB^flt-s  out  through  the 
TuWc^S  6  6'  which  Dpeti  outWArdf, 
Thii  pbton  b  set  ia  motion  hj 
a  ^tcam-ecj^ini?  or  wator-whccl,* 
during  iin  dtMc^Ht  the  vtilvei  a  iLnd 
tf'  iiu\y  9ro  opened  J  ihrougb  the 
lir-?^  air  is  drawn  \n^  through  the 
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Where  the  gas  escapes  through  long  tubes  instead  of  through  orifices  in 
k  thin  wall,  the  velocity  is  very  much  diminished,  because  of  the  friction, 
»nd  is  less  in  proportion  as  the  tube  is  longer  and  its  diameter  smaller. 

2^  Pnemnatic  ink-bottle. — In  the  pneumatic  ink-bottle,  fig. 
228,  tlie  ink  in  the  tube  c  is  kept  constantly  at  nearly  the  same  level. 
By  inclining  the  bottle  it  may  be  filled  as  228 

iMD  in  A.  The  ink  in  A  tends  to  force  itself 
Id  the  tube  C,  bat  is  opposed  by  the  atmo- 
ipheric  pressure,  which  is  much  greater  than 
the  pressure  of  the  column  of  ink  in  A.  As 
thelnk  in  C  IB  consumed,  its  surface,  falling, 
will  aUow  a  small  bubble  of  air  to  enter  A, 
where  it  will  exert  an  elastic  pressure,  and  cause  the  ink  in  C  to  rise  a 
little  higher.  This  effect  will  be  continually  repeated  until  the  bottle 
s  emptied  of  ink.  Bird-cage  fountains  are  constructed  on  a  similar 
principle. 

285.  Tlie  syphon.— ^The  syphon  used  for  decanting  liquids,  depends 
for  its  operation  on  the  principle  of  atmospheric  pressure.  It  consists 
of  t  bent  tube,  6  \/^  fig.  229,  having  one  of  its  arms  longer  than  the  other. 
It  may  be  filled  by  turning  it  over,  and  pour- 
ing the  liquid  in,  or  by  immersing  the  shorter 
arm  hi  a  vesssel  of  water,  and  applying  the 
month  at  V  \  upon  exhausting  the  air,  the 
water  will  be  forced  up  by  atmospheric  pres- 
rare,  to  supply  the  place  of  the  air  withdrawn, 
and  there  will  then  be  a  continual  discharge 
nntil  the  vessel  is  emptied. 
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The  two  branehes  being  filled  with  liqaid,  the 
pregenres  exerted  at  the  points  h  and  n  will  be 
«qul,  for  they  are  on  the  same  level ;  bat  the  pres- 
me  exerted  at  h'  will  be  greater,  because  of  the  , 

oolamn  n  6',  and  the  liqaid  will  escape  from  this  ^ 

hrag  branch  becaase  of  this  excess  of  pressure,  and  will  draw  after  it  the  liquid 
is  the  shorter  branch ;  if  the  end  of  this  be  immersed,  there  will  be  a  continual 
discharge  as  long  as  6  ie  below  the  surface  of  the  liqaid,  for  the  atmospheric 
IHttsore  will  caase  the  liquid  to  ascend,  to  supply  the  place  of  Chat  which  is 
pessing  oat ;  otherwise  there  would  be  a  vacuum  produced. 

It  is  evident  that  water  could  not  be  raised  by  means  of  a  syphon 
more  than  thirty>four  feet :  for  a  column  of  water  of  that  height  is  in 
equilibrium  with  the  pressure  of  the  atmosphere  (261).  The  velocity 
of  the  flow  from  a  syphon  will  be  the  same  as  if  the  liquid  fell  freely 
from  a  height  equal  to  the  distance  between  the  level  of  the  liquid  in 
the  vessel  and  the  end  of  the  long  arm.  To  avoid  the  necessity  of  filliuf; 
22 
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a  fljphun  by  puuring,  the  form  represented  in  fig.  230  is  employed.  To 
use  this  instrument,  the  open  end,  y,  uf  the  longer  limb  is  cloted  by  tke 
finger,  while  a  partial  vacuum,  created  by  sucking  at  the  small  ascendiDg 
tube,  /a,  occasions  the  liquid  to  pass  over  as  in  the  ordinary  syphon. 

Intermittent  syphon.     Tantalos'  vase. — Fig.  231  coiuifts  of  • 

vessel.  A,  coutaining  a  Hypbon,  of  which  one  of  the  branches  opens  bdow  ^ 

bottom  of  the  vessel ;  the  other  is  carved.    When  water  is  poarod  into  the  veud 

A,  it  will  rise  to  the  same  height  in  the  interior  231  283 

of  the  tube  as  it  attains  outside.   The  tube  will 

not  act  as  a  syphon  untO  the  vessel  is  filled  to 

the  height  n,  but  when  it  reaches  that  point,  \ 

the  water  will  flow  through  a   into  the  long 

branch,  filling  it  completely,  and  the  syphon 

being  now  supplied,  will  discharge  water  until 

the  vessel   is   emptied.     The  syphon  may  be 

concealtMl  in  a  little  image,  fig.  232,  B,  repre- 

sunling  Tantalus,  so  that  just  before  the  water 

toucbeg  bis  lips  the  syphou  is  filled,  and  the 

vessel  is  emptied. 

286.  Intermittent  springs. — There  exist  in  nature  intennitteot 
springs,  the  water  flowing  regularly  for  a  time,  and  then  suddenlj 
ceasing.     In  these  springs  the  opening,  234 

as  at  a,  fig.  233,  communicates  with  a 
subterranean  cavity,  C,  by  means  of  a 
channel,  a  n  6,  which  has  the  form  of  a 
syphon.  This  cavity  is  gradually  filled, 
until  at  last  the  water  attains  the  level 
n  n,  when  the  syphon  is  filled,  and 
the  water  escapes.  If  the  syphon  dis- 
233 


charges  the  water  &8ter  than  it  flows  into  C,  after  a  time  its  level  would 
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be  lo<w«ffed  to  6 ;  air  would  then  rash  in  by  the  syplion,  the  flow  of  water 
wimU  eeftM,  and  woaM  not  reoommence  antil  it  had  again  attained  the 
lefelmi. 

Zafenntttont  foantain. — ^The  intermittent  fountain  consists  of  a 
fSMsl  of  glaee,  C,  ilg.  234^  whose  aperture  for  the  admission  of  water 
is  hermetieallj  sealed  by  an  accurately-ground  stopper. 

A  ^Mf  tabe  A,  passM  through  the  tmmI  C,  its  upper  end  terminating  shore 
te  nrfiws  of  the  liquid ;  its  lower  end  rests  in  a  eopper  cistern,  B,  which  has  a 
■sdl  aysrtani  for  the  escape  of  water.  The  glohe  being  partially  filled^  the 
istav  enspM  through  the  c^illary  orifices  of  the  tube  at  D,  in  consequence  of 
ia  ttmmfhmHm  pressure  transmitted  through  the  lower  end  of  4he  tube  A. 
Vhss  the  sad  of  thb  tube  becomes  coTcred  with  water,  which  after  a  time  hap- 
ysH  (bteaasa  the  orifice  in  the  cistern  B  does  not  allow  so  great  a  flow  of  water 
MIIB  sssafs  from  the  tubes  at  D),  the  eztsrior  air  cannot  enter  the  globe,  and 
iiwassqaenee  the  flow  ceases.  The  water  continuing  to  escape  from  D,  in  a 
Ikfii  time  the  surfluse  is  so  much  lowered,  that  the  end  of  the  tube,  A,  is  out  of 
nl»;  the  air  then  entering  the  globe,  the  escape  recommences,  and  so  continues 
itiitsrfsls  until  C  is  emptied  of  water. 

2S7.  Air-pump. — ^The  air-pump,  designed  to  produce  a  vacuum  in 

286 


wai  inTonted  by  Otto  v.  Gnerioke,  burgomaator  of 
Id  1M?.    Fig,  235  exbihitB  a  very  axceUent  form  c^  ^^ 
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air-pump,  manufactured  by  Ritchie  of  Boston,  osually  called  ttie  liesn* 
form  of  air-pump.    The  essential  part  of  the  air-pump  is  the  cyliDder 
shown  in  section  in  fig.  236.    This  cylinder  communicates  with  the  bell 
glass,  by  means  of  a  tube,  shown  in  fig.  235,  and  with  the  external  urbj 
meansof  thetube^A  (fig.  236).    There  are  three 
valves,  a,  6,  and  c,  all  opening  upward.    The 
piston-rod  passes  through  a  packing-box,  d,  in 
which  it  moves  air-tight,  and  the  power  is  ap- 
plied by  means  of  a  lever,  as  shown  in  fig.  235. 
Suppose  the  piston  to  be  standing  at  the  bot- 
tom of  the  cylinder,  when  we  depress  the  lever, 
the   air  from    the    receiver   expands,   rushing 
through   the  valve,   a,   into   the  empty  space 
formed  in  the  bottom  of  the  cylinder,  while  the 
air  above  the  piston  is  forced  out  through  the 
valve  c  and  the  tube  g  h.    With  the  reverse 
motion  the  valves  a  and  e  close,  excluding  the 
external  air  from  the  cylinder,  and  preventing 
the  return  of  air  from  the  cylinder  to  the  receiver. 
At  the  same  time  the  piston-valve,  6,  opens  and 
allows  the  air  below  the  piston  to  pass  through  into  the  upper  part  of 
the  cylinder.     When  the  piston  rises  again,  this  new  volume  of  air 
which  has  passed  above  the  piston  is  forced  out  through  the  valve  e,  into 
the  external  atmosphere,  while  another  portion  of  rarefied  air  from  the 
receiver  expands  into  the  cylinder  below  the  piston,  to  pass  upward  and 
be  forced  out  through  the  valve  c  at  the  next  stroke  of  the  piston ;  a»d 
so  on  continuously,  as  long  as  the  rarefied  air  in  the  receiver  and  cylinder 
has  sufficient  tension  to  open  the  valves.     At  each  stroke  of  th:i  piston 
the  air  undergoes  renewed  rarefaction  until  the  amount  remaining  in  a 
good  instrument  is  about  one-thousandth  of  the  original  quantity,  and 
the  space  within  the  receiver  may  be  regarded  as  a  vacuum.    The 
pump  here  figured  is  furnished  with  a  barometric  manometer,  seen  in 
the  left  of  fig.  235,  by  which  the  degree  of  exhaustion  is  directly  indi- 
cated.   The  efficiency  of  the  air-pump  depends  in  a  great  measure  upon 
the  valves,  which  are  best  made  of  oiled  silk. 

The  construction  of  the  upper  valve,  e,  88  made  by  Ritchie,  is  shown  in  ilg. 
237.    The  disk  of  oiled  silk,  i,  is  kept  in  place  by  the  pin  237 

e,  and  the  whole  is  protected  by  the  dome-shaped  covering 
c.  The  tube  g  h  (fig.  236)  discharges  the  air,  and  the  oil 
which  escapes  with  it  is  collected  in  a  reservoir  placed 
below  the  pump. 

An  air-pump  with  two  cylinders  is  commonly  used  in  France,  Um 
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pirtPBi  of  wldoh  mn  alternatelj  raised  and  depressed  b^  a  rack  and 
1  motioiL 

)  €ft  BzhanstlOII. — It  is  plain,  on  a  moment's  nfleotion,  that  bj 
aloMp  It  li  impossible  to  prodace  a  perfect  vacaum.  There 
■Hi  alwa^v  ramain  a  eartaia  Tolnme  of  air,  inferior  in  tension  to  the-  grarit j 
«i  frieliaa  of  the  pomp  Tatraa.  By  employing  an  atmosphere  of  dry  hydrogen 
to  riaaa  oat  tho  taaidae  of  eonmon  air  firom  an  exhausted  receirer,  an  approach 
to  a  perfect  Taoaam  is  made^  inrersely  as  the  density  of  the  two  gases.  Also 
Vy  uiag  eaifconie  aeid  for  tlio  same  end,  and  absorbing  the  residue  of  thia  gaa 
\kj  itj  qaiek-lime  preriontly  placed  on  the  pnmp  plate,  a  perfect  vacuum  may 
kprodaeed;  bat  by  chendeal  and  not  by  mechanical  means. 

2S8.  Ckanpraaaing  maohlne. — ^This  machine  is  used  to  compress 
te  air  or  anj  other  gM;  it 
a  eoostmeled  like  the  ur- 
poip,  the  onlj  diffiwence 
bang  that  its  tbItos  open  in 
i  OQDtraiy  diieetkm,  Tis.: 
flovDwards. 

Fig.  238  shows  a  Tsry  neat 
form  of  the  condensing  pump 
ti  ooiiBtrnoted  bj  Ritchie,  to 
iUottrate  the  Mariottian  law 
(275)  and  to  liqaefj  gases. 

289.   '  'Water  -  pnmpa. —  ' 

Piunpe  are  machines  de- 
■igned  to  elevate  liquids  al>ove  their  former  level.  They  are  of  two 
dasses:  Ist,  those  acting  by  atmospheric  pressure;  2d,  those  which 
let  independent  of  such  pressure.  They  are  commonly  called  either 
netion,  or  forcing  pumps,  or  both  united. 

290.  Bootioxii'painpa. — The  suction-pump,  fig.  239,  is  composed  of 
I  tube.  A,  whose  lower  end  is  immersed  in  the  water  to  be  elevated 
This  is  attached  to  the  body  of  the  pump,  0,  which  contains  a  piston 
fbmbhed  with  a  valve,  r,  opening  upward.  The  upper  extremity  of 
the  tube  A,  alio  contains  a  valve,  o,  opening  in  the  same  direction. 

When  the  pistop  is  elevated  from  the  lower  part  of  the  pnmp  by  working  the 
Isadle,  L,  tho  valvo  r  doses,  and  a  partial  vacnum  is  produced,  but  the  clastic 
foree  of  Uie  air  in  A  causes  the  valve  o  to  open,  and  part  of  the  air  thus 
pssaas  Into  C.  The  air  in  the  tube  is  thus  rarefied,  and  the  water  rushes  up 
to  saeh  a  height,  that  the  weight  of  the  column  of  water  raised,  added  to  the 
slaslMtj  of  llie  interior  air,  keep  it  in  equilibrium  with  Ibe  atmospheric  pres- 
laia.  Whea  tho  piston  descends,  the  valre  o  closes  by  its  weight,  and  pre- 
veati  tlw  rotnrn  cf  the  air  fVom  the  body  of  tho  pump,  C,  into  the  tube  A. 
The  ooBiptoasod  air  opens  the  valve  r,  and  thus  escapes  into  the  atmosphere 
i  B.  Aflar  a  number  of  strokes  of  the  piston,  fewer  as  the  capacity  of 
I  tsbo  •  is  lasa,  tho  water  will  bo  elevated  above  the  lower  valve ;  now  when 
S3« 
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tho  pistoD  is  lowered,  the  ralre  r  will  open  and  the  water  pua  abore  ii.    Upn 
elevating  the  piston,  r  closes,  and  the  water  is  239 

raised  in  B,  and  escapes  through  the  spout  S. 

As  in  this  and  the  following  pump, 
the  water  is  elevated  to  the  top  of  the 
tube  by  means  of  atmospheric  pressure, 
it  is  evident,  that  even  in  the  most  per- 
fectly constructed  pumps,  the  distance 
from  the  level  of  the  water  to  the  top 
of  the  pump  must  not  exceed  thirty- 
four  feet  (261),  but  those  of  ordinary 
construction  contain  defects,  so  that 
generally  we  do  not  gain  a  greater 
height  than  twenty-six  or  twenty-eight 
feet.  But  after  the  water  has  passed 
above  the  piston,  the  height  to  which  we 
may  elevate  it,  is  limited  only  by  the 
power  applied  at  the  piston  ;  for  it  is 
the  ascensional  force  of  this  which  ele- 
vates the  water. 

291.  Suction  and  lifting  pamp. — 

Sometimes  the  water  raised  above  the  ^y|?^ 

piston,  instead  of  passing  upwards   *-  *"  ^^ 

the  tube  in  which  the  piston  works,  rises  by  a  lateral   ascensional 

tube,  S,  furnished  with  a  valve  which  prevents 

the  return  of  the  water,  as  is  shown  in  a,  r,  S, 

tig.  239. 

That  the  rising  of  the  wat«r 
in  the  tube  is  due  to  the  at- 
mospheric pressure,  may  be 
demonstrated  by  the  appara- 
tus, fig.  240.  After  forming 
a  vacuum  in  the  reservoir 
which  contains  the  vessel  of 
water,  the  liquid  will  not  rise 
in  the  tube  when  the  piston 
in  the  pump,  P,  is  raised,  but 
upon  admitting  the  air  it  is 
rapidly  elevated,  as  usual. 

292.  Forolng-pomp. — In 
the  forcing-pump,  the  piston 
halt  no  valve.     The  lower  part  of  tVie  c^Wivdct  vxi  'wKlcK  it  works  is 
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pitted  in  tbe  water  to  be  elevated,  so  that  the  valve  r,  fig.  241,  which 
opens  upward,  w  always  immersed.  The  ascending  tube  a  b  contains 
i  Talve,  S»  alBo  opening  upwards,  and  an  air  chamber,  m  n. 


\a  piston  U  raised,  8  is  closed,  aod  water  is  introduced  by  tbe  open 
ralrer;  npon  the  descent  of  the  piston,  r  clones,  and  the  water  is  forced  into 
the  Meending  tnbe,  a  6.  The  reserroir,  m  n,  filled  with  air,  is  designed  to  ren- 
dsr  the  jet  of  water  contlnaons.  When  the  wat«r  is  forced  by  tbe  piston  into 
the  taboy  tho  air  is  compressed  in  mn;  reacting  afterwards  by  its  elasticity,  it 
coBtiaiics  to  drive  tbe  water  into  the  upper  part  of  the  tube,  after  S  is  elosed, 
lad  wfailo  the  piston  is  rising. 

It  IB  Ibond  necessary  to  have  the  air-chamber  twenty-three  times  the 

rapaeitj  of  the  body  of  the  pump,  in  order  to  render  the  jet  continuous. 
2S6.  Botaiy  pomp. — ^The  rotary  ^ump  is  a  mechanical  contrivance 

for  ninng  water  by  a  oontinucus  rotary  movement.     Fig.  242  repre- 

Miitt  one  of  the  meet  successful  of  these  pumps  (Gary's).  Within  a  fixed 

cylinder  is  included  a  move-  242 

ble  dmin,  B,  attached  to  the 

axis,  A,  and  moving  with  it. 

The  heart«baped  cam  sur- 

Tuanding  A,  is  immovable. 
The  revolution  of  B  causes 
the  plates  or  pistons  CC  to 
moTe  in  and  out,  in  obedi- 
ence to  the  form  of  the  cam. 
The  water  enters  and  is  re- 
moved from  the  chamber 
throQgh  the  ports  or  valves, 
L  and  M ;  the  directions  are 
mdicated  by  the  arrows. 

The  com  is  so  placed  that  each  valva  is  in  succession  forced  back  into  its 
lett  when  opposite  E,  while  at  the  same  time  the  other  valve  is  driven  fully 
ialo  the  cavity  of  the  chamber ;  thus  forcing  before  it  the  wa*>er  already  there, 
into  the  exit  pipe  H,  and  drawing  after  it,  through  the  suction  pipe  F,  the 
•treiin  of  snpply.  When  the  pump  is  set  in  action,  the  suction-pipe  is  gradually 
cxhsosted  of  air,  in  which,  consequently,  the  water  ascends,  and  being  thrown 
iito  the  cylinder,  it  is  there  carried  around  by  the  plates  C  C,  in  the  manner  just 
4«cribed. 

This  is  a  form  of  pump  often  employed  in  the  steam  fire-engines  now 
coming  into  general  use. 

294i  Fire-engine. — In  order  to  obtain  a  continuous  and  powerful 
jet  of  water  from  fire-engines,  they  are  usually  constructed  with  two 
forcing-pumps,  which  are  alternately  discharging  water  into  a  common 
tir-chamber.  The  pistons  are  moved  by  brakes,  having  an  oscillating 
motion.    The  water  from  both  pumps,  forced  into  the  air-chamber. 
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eecapes  through  a  long  leathern  hose,  terminated  by  a  : 
which  serves  to  direct  the  jet. 

295.  Hiero's  foantain. — In  this  apparatus  we  also  obt 
water  by  means  of  air,  compressed  in  this  case  by  a  colum 
A  common  form  of  this  apparatus  is  repre-  242 

sented  by  fig.  243. 

It  coneiBts  of  a  metallic  oiBtern  and  two  globoa 
of  gla«8.  The  cistern,  D,  oommnnioates  wiUi  the 
lower  part  of  the  globe  N,  bjr  the  tube  B ;  a  second 
tube,  A,  joins  the  globes,  ending  in  the  upper  part 
of  both;  M  is  partially  filled  with  trator;  and 
lastly,  a  third  tube  passes  through  the  cistern,  and 
terminates  at  the  bottom  of  M.  The  upper  extremity 
of  this  tube  has  a  small  orifice,  from  which  the  jet 
of  water  issues. 

Upon  pouring  wat^r  into  the  cistern  D,  the 
liquid  descends  to  N,  by  the  tube  B,  conse- 
quently the  water  in  the  lower  globe,  N,  sup- 
ports, besides  the  atmospheric  pressure,  the 
pressure  of  the  column  of  water  in  the  tube. 
This  pressure  is  transmitted  to  the  air  in  the 
globe,  M,  which,  reacting  on  the  water,  forces 
it  out  through  the  jet,  as  seen  in  the  figure. 
If  there  was  no  friction,  and  no  resistance 
from  the  air,  the  water  would  spout  to  a 
height  equal  to  the  difference  in  level  of  the 
water  in  the  two  globes. 

296.  Hydraallo  ram. — In  the  hydraulic 
ram,  the  momentum  of  a  part  of  the  fluid  in 
motion,  is  effective  in  raising  another  portion. 
A  simple  form  of  this  apparatus  is  seen  in 
fig.  244.    The  water  descends  from  the  spring 
or  brook,  A,  through  the  pipe  B,  near  the  end  of  which 
ber,  D,  and  rising  main, 
F.    The  orifice  at  the  ex- 
treme end  of  B,  is  opened 
and  closed  by  a  valve,  £, 
opening  downwards. 

When  the  valve  E  is  open, 
the  water  flows  through  B, 
until  the  current  becomes 
sufficiently  rapid  to  raise  the 
valve  E,  and  thus  to  close 
the  orifice.     The  water  in  B  having  its  motion  thus  suddenly  cheek 


OF  OASES. 


245 


fMX  pRranra,  and  hariag  niMd  the  vaire  C,  will  rush  into  the  air-ressel  D, 
whtn  it  compref  flea  the  air.  The  compressed  air  in  D,  because  of  its  elasticity, 
ernes  the  water  to  rise  in  the  pipe  F,  until  the  water  in  A  B  is  brought  to  rest. 
Wbea  this  takea  place,  the  pressure  is  again  insufficient  to  sustain  the  weight 
of  th«  ralre  B,  which  opens  (descends),  the 
vster  in  B  is  again  pat  in  motion,  and  the 
nine  nries  of  effects  ensue  as  hare  already  been 
defcnbed. 

The  hydraulic  ram,  when  well  con- 
Btracted,  18  capable  of  utilising  abuut  (iO 
per  eent  of  the  moTing  power. 

297.  dudn-pninp. — The  chain-pump 
lets  independent  of  atmospheric  preiwurc. 
It  oonsists  of  a  cylinder,  fig.  245,  whose 
)()ver  end  is  immersed  in  the  water  uf  the 
rewnroir  B,  and  whose  upper  part  enters 
iotothe  bottom  of  a  cistern,  C,  into  which 
the  water  is  to  be  raised.  An  endless 
chain  is  carried  around  the  wheeU  above 
And  below,  and  is  furnished,  at  equal  dis- 
tuces,  with  circular  plates,  which  fit 
rl'»5ely  into  the  cylinder.  As  the  wheel 
i»  revolted  by  means  of  power  applied 
amally  by  a  winch,  the  circular  plates 
successively  enter  the  cylinder  and  carry 
the  water  up  before  them  into  the  cistern, 
frfjm  which  it  passes  out  by  a  spout. 

298.  Archimedes'  screw. — This  machine  is  said  to  have  been  ic 
rented  by  Archimedes  in  Egypt,  to  24(J 

aiJ  the  inhabitants  in  clearing  the 

Und  from  the  periodical  overflowings 

of  the  Nile.     The  instrument  varies 

in  its  form,  according  to  the  manner 

tod  purposes  of  its  application.     To 

render  the  principle  upon  which  it 

works  intelligible,  let  us  suppose  a 

taliC  bent  in  the   form  of  a  cork- 

•-Tew,  and  inclined  in  the  manner 

»h(.wn  in   fig.   216.      If   a  ball   be 

plsco'l  ?n  A,  it  will  fall  to  B,  and 

there  reiuiiin  at  rest;  if  the  screw 

be  now  turned  so  that  the  mouth  A  is  placed  in  its  lowest  position, 

As  pmnt  B,  during  such  a  motion,  will  ascend,  and  will  a&«um«  ^% 
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highest  |M>siti<>n  it  can  have.    The  ball  will  then  fall  to  C;  bjc 
in«!;  the  rovohition  of  the  screw,  the  ball  will  ascend  in  the  tD\M,fll| 
finally  will  he  distcharged  from  the  upper  mouth.     The  bum  i 
happen  with  a  portion  of  liquid.    If  the  lower  extremity  of  tbei 
was  immersed  in  a  reservoir  of  liquid,  it  would  gradually  be  a 

147 
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Ur.  A  MM!  cf  iroB  (Bpb  Gr.  7-8)  weighed  in  air  with  brass  weighU  (Sp.  Or. 
H)4II  giaiu,  whal  woald  it  weigh  in  a  Taoaum  ? 

UL  A  glaia  globi^  from  whieh  the  air  has  been  exhausted,  weighs  254*735 
fMOMS;  when  fUI  of  air,  it  weighs  5422*737  grammes ;  when  Aill  of  another 
p%liiaT5  gwwmei ;  what  if  the  e^^oitj  of  the  globe,  and  what  is  the  specific 
gM%ertho(aaf 

Barometor  and  Balloons. 

119.  To  what  height  will  sea  water  (Sp.  Gr.  =  1*026)  rise  in  a  Torricellian 
HH  when  the  haroBeter  atands  at  28*75  inches  ? 

149.  Whan  the  ■erenry  barometer  stands  at  30  inches,  what  mast  be  the 
hqik  of  a  water  haroaator  iaelined  to  the  horison  at  an  angle  of  SO^*  ? 

14L  What  woold  be  the  height  of  a  snlphnric  acid  barometer  (Sp.  Gr.  snl- 
ikarii  mUi,  t-W)  whan  the  mereorial  barometer  stands  2V-35  inches  ? 

Ul  MiwiSMiut  of  the  height  of  the  highest  peak  of  the  Smoky  Monntain, 
(Ufc  M*  V.)  la  Vorth  Oa(oUna»  September  8, 1869,  bj  ProC  A.  Gnyot.  Bj 
rtiiniiaiiallA.M, 

Buomttsr.    Tsmpsmtore  Temperatovs 
Knf.iiichfls.  ofBarooMter.       of  air. 
I IL  OoUiat'  honse^  4  ft.  abore 

A  =  27-862,  T  =  66*>*4,  «  =  «5M. 

Hppw  SCaiien,  Smokj  Dome,  4  feet  below 

anuf^ V=23-968,T'  =  51<»-8,  «'  =  51«*4. 

Mr.  CeOins'  house  being  2500*2  feet  aboTC  the  ocean. 

Csleolate  firom  these  data  the  height  of  Smoky  Dome  above  the  ocean. 

Altitude  calcnlated  by  Prof.  Guyot,  6665  85  feet 

14S.  What  is  the  ascensional  force  of  a  spherical  balloon,  30  feet  in  diameter, 

IDfld  with  common  illuminating  gas  (Sp.  Gr.  *485),  the  weight  of  the  balloon  and 

m  sttsched  being  200  lbs.  ?    What  if  it  were  two-thirds  filled  with  hydrogen 

(8p.  Or.  of  hydrogen,  0*069)  ? 

141  A  balloon  entirely  filled  with  illuminating  gas  (Sp.  Gr.  *500),  is  so  bal- 
hiMthat  it  rises  to  an  eleration  where  the  mercury  stands  at  15  inches.  Suppose 
ms-hslf  the  gas  is  now  liberated,  will  the  balloon  rise  or  fall  ?  and  what  amount 
tf  ballast  shoald  be  put  in,  or  thrown  out,  to  cause  the  balloon  to  remain  sta- 
tfnsiy,  at  the  same  eleration  as  before  any  gas  was  liberated  ? 

Mariotte'a  Law.     (Regarded  as  incariahle.) 

145.  What  proportion  of  a  tube,  34  feet  high,  can  be  filled  with  water,  the 
MstaiAed  air  being  assumed  to  be  compressed  at  the  bottom  of  the  tube  ? 

141.  A  faulty  barometer  (containing  air)  indicated  29-2  and  30  inches,  when 
ths indications  of  a  correct  instrument  were  29*4  and  30*3  inches  respectively; 
iii  the  length  of  tube  which  the  air  in  the  column  would  fill  under  the  pressure 
tf  N  bches  ? 

147.  A  glass  globe,  10  o.  m.  in  diameter,  hermetically  sealed,  weighs  45*120 
psm.  when  the  barometer  stands  at  74*5  c.  m.  What  would  it  weigh  if  the 
ksrsmeter  stood  at  76  c.  m.  ? 

148.^  glass  globe  hermetically  sealed,  30  c.  m.  in  diameter,  suspended  to  one 
im  of  the  balance,  is  poised  by  320*422  gram,  in  brass  weights,  when  the  baro- 
■slsr  stands  at  7621  e.  m.  After  a  time,  it  is  found  to  have  lost  in  weight 
*W  gram.  What  is  now  the  height  of  the  barometer,  supposing  the  tempera- 
■■  aol  to  hare  changed  ? 
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CHAPTER  V. 

OP  UNDULATIONS. 
2  1.  Theory  of  Undulations. 

299.  Origin  of  undulations. — ^By  the  operation  of  certain  fore«^ 
the  differcDt  parts  of  all  bodies  are,  ordinarily,  held  in  a  state  of  equ 
librium  or  rest.  If  the  molecules  of  a  body  are  disturbed  by  uy 
extraneous  force,  they  will,  after  a  certain  intenral,  return  to  the  itatt 
of  repose.  This  return  is  effected  by  the  particles  approaching  the 
position  of  equilibrium,  and  receding  from  it,  alternately,  until  it 
length  the  body,  by  the  resistance  of  the  medium  in  which  it  is  plseed, 
and  by  other  causes,  is  gradually  brought  to  rest.  The  altemste 
movements  thus  produced,  are  variously  expressed  by  the  terms  Tihrir 
tions,  oscillations,  waves,  or  undulations,  according  to  the  state  or  form 
of  the  body  in  which  such  movements  occur,  and  the  character  of  tha 
motions  which  are  produced. 

300.  Progressive  undulations. — Undulatory  movements  are  of 
two  kinds,  progressive  and  stationary.  In  progressive  undulations,  the 
particles  which  have  been  immediately  excited  by  the  disturbing  caote, 
communicate  their  motion  to  the  particles  next  them,  and  as  this  move- 
ment of  the  particles  is  successive,  the  position  they  assume  at  any 
particular  moment  during  their  motion,  appears  to  advance  from  one 
place  to  another. 

This  kind  of  nDdulation  is  observed  in  a  cord  made  fast  at  one  end, 
the  other  is  smartly  shaken  tip  and 
down ;  the  portion  of  the  cord  nearest 
the  hand  will  assume  the  position  in 
fig.  248,  l,mdEO.    Such  a  wave 
does  not  continue  stationary ;   the 
moment  it  is  formed,  it  advances 
toward  the  other  extremity  of  the 
cord,  II,  on   reaching  which,  III,  m** 
an  inverted  curve  is  produced,  IV, 
and   the   wave  returns,  V,  to  the  -^ 
position  from  which  it  started,  the        ** 
relative  position   of  the  elevation 
and  depression  being  reverted.  This    V» 


alternate  movement  may  be  repeated  a  number  of  times  beforo  the  oord 
to  rest    These  are  sometimes  called  waves  of  translation. 
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taohanloal  llliwt»ti<m  of  imdiilatioiia.— In  fig.  249  is 
mM9  apparahu  for  illustroUng  progressive  undalations.  A 
balls  mre  so  moanted 
ttallie  rods  ihmi  thej 
Mknn  of  molicm  only  in 
direction.  On  a  shaft 
J  a  crank,  shown  in  the 
tft  of  the  figure,  are 
k  series  of  eccentric 
one  under  each  rod)  so 
as  to  raise  the  rods  one 
other.  When  one  rod 
another  is  falling,  and 
appears  to  travel  from 
>f  the  series  to  the  other. 
IS  one  wave  disappears 
is  formed,  and  these 
icceed  each  other,  like 
lations  of  a  cord. 
tationaify  nndnlationa. — Undulatiiins  are  termed  stationary 
parts  of  the  body  assume  and  complete  their  motion  at  the 
e. 

hen  a  cord  itretched  betweon  A  B,  fig.  250,  U  drawn  at  the  middle 
Mtilinear  position,  it  ultimately  reooYers  its  original  position,  after 
(  a  seriei  o£  vibrations,  in  which  all  parts  of  the  cord  participate. 

KMhronoiiB  vibratioiia. — Those  vibrations  that  perform  their 
on  either  side  of  their  normal  position  in  equal  times,  are 
oohronous  (from  tffo^^  equal,  and  ^povo^,  time). 

I  of  a  pendalnm  ftimish  a  perfect  illustration  of  such  vibra- 


of  undiilatioiia. — In  every  complete  oscillation,  or 
rave,  the  following  parts  may  be   recognised.    The  curve 
260  261 


Ig.  251,  is  called  a  wave.  The  part  aeb,  which  rises  above 
OB  of  equilibrium,  is  called  the  phase  of  elevation  of  the  wave« 
Jm  point  of  greatest  elevation ;  the  curve  bdc  \6  called  the 
of  the  wave,  the  point  d  being  that  of  g;t%ite«\ 
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depression.  The  distance  e/,  of  the  highest  point  above  the  poatin 
of  equilibrium,  is  called  the  height  of  the  waye,  and  in  like  manner  A 
distance  g  d,  of  the  lowest  point  below  the  position  of  eqnitibriuB,  i 
called  the  depth  of  the  wave.  The  distance  ae,  between  the  bepnioi 
of  the  elevation  and  end  of  the  depression,  is  called  the  length  of  tl 
wave,  the  distance  a  b  the  length  of  the  elevation,  and  b  e  that  i 
depression. 

305.  Nodal  points. — ^When  a  body,  as  a  string,  is  made  to  tooa 
a  series  of  stationary  vibrations,  the  points  where  the  phases  of  eler 
tion  and  depression  intersect,  are  always  at  rest. 

Let  the  cord  stretched  between  A  B,  fig.  252,  be  temporarily  fixed  at  thepoii 
C  and  D,  and  the  three  parts  be  drawn  at  the  same  moment  equally  in  eo&ln 
directions,    so    that  the  cord  will  252 

assume  the  undulating  form  repre-  ^-— i*^  q  ^...^      j^  ^,„_,^^ 

sented  in   the  figure;  If  now  the  ^^  ^Z*        ^       ^1 

llxed points  at  C  and  D  be  removed,  \^^^       ,/^\^_^/^x.^     ^'^ 

no  change  will  take  place  in  the 

vibratory  motion  of  the  cord;  but  as  it  continues  to  vibrato,  the  points  C  a 
D»  although  free,  will  be  in  a  state  of  rest. 

Pieces  of  paper  resting  upon  these  points  will  be  undisturbed,  whS 
if  placed  on  the  intermediate  positions,  they  would  be  thrown  off  imn 
diately.    These  are  called  nodal  points  (Latin,  nodus,  a  knot). 

2  2.   Undalations  of  Solids. 

306.  Solid  bodies. — All  solid  bodies  exhibit  the  phenomena 
vibration  in  various  forms  and  degrees,  varying  in  an  infinite  vari( 
of  ways,  according  to  the  form  of  the  body,  and  the  manner 
in  which  the  force  producing  the  vibration  is  applied. 

307.  Forms  of  vibration. — Bodies  of  a  linear  form, 
as  tense  strings,  fine  wire,  &c.,  are  susceptible  of  three 
kinds  of  vibration,  which  are  called  (1st)  the  transverse, 
(2d)  the  longitudinal,  and  (3d)  the  torsional  vibrations. 
A  simple  apparatus  to  exhibit  these  effects  experimentally, 
contrived  by  Prof.  August,  is  represented  in  fig.  253.  It 
consists  of  a  spirally  twisted  wire,  stretched  from  a  frame 
by  a  weight.  If  the  weight  be  raised  to  A,  and  then  let 
fall,  it  will  advance  and  recede  from  its  normal  position,  -^^^4 
the  wire  performing  a  series  of  longitudinal  vibrations. 

Transverse  vibrations  are  produced  by  confining  the  lower  end  of 
wire  by  a  clamp.  The  wire  is  then  drawn  from  its  position  of  eqi 
brium  and  suddenly  let  go.  The  vibrations  which  it  then  makes,  she 
by  the  dotted  lines,  are  transverse  to  the  axis  of  the  wire.  Torsk 
tnbrations  are  produced  by  turning  the  weight  around  its  vertioal  k 
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ig  U  go^  the  torsion,  or  twist  of  the  wire,  causes  it  to  turn  back, 
carrying  it  beyond  its  position  of  equilibrium,  until  arrested 
istance  of  the  wire,  and  these  alternate  twistings  will  continue 
nstantly  decreasing  energy,  until  gravity,  and  the  molecular 
;he  solid,  restore  the  equilibrium. 

Ibration  of  cords. — Cords  and  wires,  as  i.^  fuinniarly  seen 
id  instruments,  have  their  elasticity  developed  by  teosioD. 
ivente  vibrations  of  a  body  are  well  illustratcl  by  the  simple 
annexed. 

be  cord  afh,tg.  354,  be  drawn  out  in  the  middle  to  a  e  6,  upon  being 
elasticity  c«i8e8   it   to   return  254 

icr  position.     This   morement 
with  an  accelerated  velocity,  ^ 
«  maximum  when  the  cord  has 
i  line  of  equilibrium  a/ 6,  con- 
it  passes  with  a  constantly  decreasing  velocity  \a  a  d  k,  where  its 
lothing ;  it  then  returns  to  a/ 6,  and  so  continues. 

nplete  movement,  (as  from  acb  to  adbf)  is  termed  an  uscli- 

Fibration,  and  the  time  occupied  in  performing  it  is  called  tlie 

icillatiou.     The  vibrations  of  tense  strings  are  isochronous. 

aw8  of  the  vibration  of  cords. — Calculation  and  experi- 

e  demonstrated,  that  the  vibration  of  cords  is  in  accordance 

four  following  laws. 

tension  being  the  tame,  the  number  of  vibrations  of  a  cord  is  in 

iio  tip  Us  length. 

if  an  extended  cord,  as  of  a  violin,  makes  in  a  certain  timn  a  nuuiber 

ns,  represented  by  1,  then,  in  order  to  make  a  number  of  vibrationtj, 

1  respectively  by  2,  3,  4,  the  cord  must  be  \,  j^,  i  as  lon<r. 

tension  being  the  same^  the  number  of  vibrations  in  cords  of 
vaierial,  is  in  the  inverse  ratio  of  their  thickness  or  diameter. 
if  we  take  two  cords  or  wires  of  the  same  length,  of  copper  or  steel. 
'  a  piano,  one  of  which  is  twice  the  diameter  of  the  other,  and  which 
lal  lengths,  the  small  one  will  make,  in  the  same  time,  twice  as  many 
as  the  larger. 

number  of  vibrations  of  a  cord  is  proportional  to  the  square 
e  stretching  weight. 

if  we  represent  by  1  the  number  of  vibrations  made  by  a  cord, 
*j  a  weight  of  1,  then  the  number  of  vibrations  mode  by  a  similar  cord 
«  length,  in  the  same  time,  becomes  respectively  2,  3,  4,  Ac,  when  the 
increased  to  4,  9,  10,  &c.  Thus,  if  we  would  .cause  a  given  cord,  as 
I,  to  vibrate  with  a  four-fold  velocity,  it  is  necessary  to  strain  it  to 
d  the  original  tension. 

oiher  things  being  equals  the  number  of  vibrations  of  a  card  is 
pnpmiional  io  the  square  root  of  its  density. 
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riius.  if  we  tuko  a  cord  of  cnpiicr  which  hma  a  density  of  9,  and  one rf *  ] 
<;iit.  \v!ii>s(«  ■li.-ii.-iiy  i.o  ulniiit  1.  the  nuiubcr  of  vibrationf  of  the  Uttiatbti 
tiijK'  will  be  ilmo  liiiics  tliul  of  the  former. 

It  is  ('\iiIiMit  that  theM>  hiws  apply  unlj  to  huiDOgeDeoufloordi,!!^  I 
ifit  to  ih.tM*  copIs  whit'h  aro  coven'd  with  unuther  material,  u a hiz(  i 
>nin;:  «»f  i-at-;rut,  oniMv<l  witli  inetallie  wire. 

."•In.  Vibrations  of  rods. — KihIs,  liko  cords,  vibrate  Unh  in  k»^  ' 
tudinal  :iii'l  traiiNvorsc  lli^«^?tiuna.  If  they  are  fixed  firmly  by  cnei  ' 
Hi«'ir  ••\tr.-iniii,'..  as  in  a  vice,  they  will  give,  when  set  in  ne-jdon,! 
si'ri<^^  «»1"  i^ni.'hr  »iuius  \  il»ratii>ii«*. 

Kla^iio  i'.mIs  may,  liki»  striii;rK,  be  divided  by  stationary  undalttiGV 
int."  s»*voral  vihratiii«;  parts.  The  nodal  points  may  be  ascertUDedbi 
|ila«'inL'  up'»n  the  mds  li;:ht  rin;;^  of  paper;  these  will  be  ihrt'Wiicf  M 
l*\\;z  a-j  thry  ri'<\  upoii  aiiy  ]»oint  except  a  node,  but  when  they  m;ki 
U"l»'.  tln-y  will  rtMiiain  th^TP  unmoved. 

T!n'  -pjtif  Ih  twri'ii  till-  friit.'  I'xtromity  und  the  flr^t  nodal  pAint  if  eqnlM 
h.ili  ilic  lriii:tli  (-i)iit:iiii('il  lit'twvon  two  nodal  |xiiiiti>,  but  it  Tibrate«  vitk  Ai 
-;iriu'  vi'li.'-iiy.    'riiU"  «i,  tip.  2.'i.').  ht'iiij;  the  fixed.  255 

^4   A  ttn?  JTva  vinl.  tbi!  imrt  l)t^lw«eii   h  nod  <;  is 
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IIS.  Tlbnitlcm  of  rt«rtlo  plates. — ^Vibrations  are  readily  ezeited 
k  iks^  plates  bj  iba  frioUon  of  a  violin-bow  or  by  blows.  Tbe  plate 
may  be  eonfined  dther  al  its  centre  256 

«r  frooi  one  oomery  in  tlie  vice,  fig. 
SS,  resting  npon  a  eone  of  oork,  c, 
Md  pressed  by  the  screw  a,  tipped 
with  cork. 

Is  the  TibratioB  of  plates,  nodal 
fiiss  will  be  formed,  which  do  not 
fsitidpate  in  Ae  movement^.of  the.| 
plme,  bat  remain  in  a  state  of  rest. 

813.  Hodal  lines.— These  nodal  I 
lines  answer  to  the  nodal  points  in 
liBsar  TibratioDS,  and  if  we  suppose 
the  plane  to  be  made  np  of  a  series 
of  rods,  these  lines  will  answer  to  their  nodal  points.  They  run  in 
Tsriotts  directions  across  the  vibrating  surface,  the  contiguous  ones 
moTiog  in  contrary  directions,  dividing  the  planes  into  numerous  por 
tioDS  in  opposite  phases  of  vibration. 

Thii  ii  ■hown  in  fig.  257,  hy  the  signs  -f  and  — ,  A  B  being  the  vibrating 
The  dimeniionB  of  these  internodes  (vibrating  portions),  are  regulated 


in  the  gaaie  manner  as  those  of  vibrating  rods. 
The  ontside  ones,  ah,  ah,  are  always  half  the 
ibe.of  those  in  the  interior.  The  nodal  lines 
THy  in  their  nnmber  and  position,  according  to 
tbe  form  of  the  plates,  their  elasticity,  the  nnm- 
W  of  vibrations,  the  mode  of  vibrating,  Ac. 

S14.  Determinatioii  of  the  position 
of  tlie  nodal  lines. — Tbe  position  of  the 
nodal  lines  may  be  determined  by  scatter- 
ing sand  or  other  fine  material  over  the 
plale,  and  vibrating,  as  by  means  of  a 
fiolin-bow  drawn  across  the  edge  of  the 
^kte;  the  grains  of  sand  will  remain  npon  the  points  which  are  »t 
tmi,  and  which  are  therefore  nodal  points.  Those  which  are  upon 
Yihrating  portions,  will  be  thrown  aside  until,  after  a  time,  they  will 
silils  qoietly  down  upon  the  nodal  lines. 

ft  Is  observed  that  if  Ijfeopodium,  or  some  other  very  light  powder,  is  placed 
spOB  ibs  plates,  it  will  aeonmnlate  on  those  parts  which  are  in  greatest  vi.ira- 
tton.  Mr.  Faraday  proved  that  this  phenomenon  was  due  to  small  currents  of 
sir  yrodaeed  dwring  the  vibration  of  the  plate,  and  which  drew  the  powder  with 
akitm  s  Ibr  ia  a  vaeaiim,  the  powder  of  Ijeopodium  is  disposed,  \Vk«  tiad,  v^oa 
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thfl  ikQ^tiX  \m&«,  HDil  fof  the  9Ame  nMoo ;  if  ih«  platv  «wTer«<l  iriLb  «ia4  Ir 
vibrated  under  watcTt  the  8Bnd  pgUeptn  opon  the  most  Agitated  poTtioas (>f  ttt 
plalc^  bcr'JiUjTC  of  the  similar  currents  est:] ted  in  tbe  water  hy  tbfl  Tibrati<»u. 

^M6.  Iia^wa  af  the  vibration  of  plates.— Ob  servo  tioo  hu  delc^ 
mined  thut  the  vlhrntiun  of  platen  of  the  sdine  ^ub^tanc^,  aud  tann^ 
the*  Buiiif  (Icf^rec  iif  ri^iditj,  are  subject  to  tb©  folJowing  Iftws:^ 

L  y/tti^  r/jf**  titnttltrr  of  tht  mbralion$  is  indepcnd^^Hl  of  ikt  bixoiii^ 
the  ItiiHUift^. 

2.  It  f>  priAp^iftitiHiU  ii}  their  thi^knejts^ 

3,  The  fkieknesiH  laing  the  same,  UU  isk  iumrte  ratio  of  ike  aqMan^f 
their  leu'jth. 

310.  Method  of  delineation  podal  linea. — As  these  nodal  liut 
us^sume  vEiriouH  imd  cumplumtcd  Jiguroa^  difficult  to  deliuente  witli 
lice  time  J  Li  J  uommou  drawiiigj  Savart  replaced  the  aand  bj  powdertd 
iLtma:^,  }iri3vioubIy  mixed  with  ^um  water,  ilried  and  ptilveriied  to  i 
u^uforni  r*iz(.\  The  atroustic  figures  being  produced  with  this  powder,  i 
pHpcr  molatened  with  gum  water  waiit  then  gentlj'  presae*!  upon  ttfttun 
thus  giving  iiu  esact  traiisfer. 
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|in  ijmmetrieal  figares,  analogona  to  those  obtained  with  square  plates,  as  iv 
MM  in  fig.  260.     With  circular  plates  it  is  observed  that  the  nodal  lines  distri 

260 


^  OMmtelres  in  the  direction  of  the  diameter,  diriding  the  circle  into  an 
•qol  Bunber  of  parts,  or  into  more  or  less  regular  circular  forms,  having  the 
^■■tn  of  the  plato  as  their  common  centre,  or  in  both  of  these  forms  combined. 
fk'  281  reprwenU  these  different  varieties  of  form. 

201 

C 


262 


cr:) 


318.  Vibration  of  membranes. — The  flexibility  of  membranen 
<loe8  DOt  permit  us  to  vibrate  them  unless  they  are  stretched  as  in  a 
<fruin.  They  present  modes  of 
▼ibntion  which  have  much  ana- 
logj  to  those  of  solid  plates, 
vibnting  either  by  concussion, 
!•  b  the  drum,  or  by  the  influ- 
tnoe  of  Tibrations  in  the  air. 
tf  we  stretch  over  the  top  of  a 
fiumel  a  piece  of  moistened 
Madder,  and  when  it  is  dry, 
■v^pend  the  apparatus  by  a 
bkotfted  hair,  passed  through 
ttio  eeotre  of  the  membrane,  we 
Ml  produce  lym metrical  nodal 
SneiQpofi  its  surface,  strewed 
with  Mad,  by  passing  the  fin- 
ing eovanMl  wkb  regio,  over  the  hfur.    The  same  pbenomenon  ma.7  \a 
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Dliscrr^^d,  if  we  bring  the  membrane  uemr  a  bell  wbile  HbrUviebf  ^ 
T\k  fto<>ustic  fi|Tiir<!i  obtained  bj  tbe  vibration  of  merobrjiDe.*  j*^ 
tr(*itirly  rariciK  Sarart  has  obserfed  that  nquare  meiabntiitT 
drvidofl  Hj  th^ir  nodal  Einen  into  the  eame  forms  tui  &qu«r«  pUtej  a 
the  Maine  circum>itiince^,  with  tbte  dlfferena^r  that  Ibe  inbrating  faA  I 
in  tlio  vicinity  of  the  edges  are  smaller  for  tbe  last,  whih  tti^  i 
eqiiul  ui  the  othcrft  in  membranes,  Fig»  262  reprepcnt-sj  afeirdfii} 
r^rrns  pnxlucpd  in  tbe  vibration  of  mem  brands.  It  ba*  l^een  tmfk] 
that  ^voiid  and  metalif  in  verj  thin  lam i nee,  vibrnte  like  membnscL 

3  3.  XTodalatioiii  af  Liquida, 
3X9.  PTodticiloii  of  yr^^em. — Liqulde  ai-e  capable  of  ft»iaiiiu£k| 
undiilatory  movt^mentHr  aimilar  to  the  Tibfations  of  solids,  dJvnif 
from  them,  liowever,  in  pome  respects,  in  oonsequence  of  the  difimt 
physical  arrangement  of  their  atome,  Tf  a  depression  be  made  it  nf 
fvoiiit  in  the  Burfaee  of  a  fluid  in  a  itate  of  teat,  by  the  drapf^ 
in  of  a  snYii],  as  of  a  pebble  into  water  or  bj  imm^raingatid  iba 
wUhrlravTiiig  the  mWd^  a  cirtsular  undulation  will  be  ptinduced. 
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gmnrely  from  the  point  of  excitation  ;  bat  this  is  a  delusion.  Float, 
ing  bodies,  as  pieces  of  wood,  are  not  hurried  forward  on  the  sur- 
fiiee  of  the  water,  but  merely  rise  and  fall,  alternately,  as  the  waves 
pM8.  Tilt  true  nature  of  the  motion  is  such,  that  each  particle  of  the 
floid  describes  a  vertical  circle  about  the  spot  where  it  raay  happen  to 
be,reTolTing  in  the  direction  in  which  the  wave  is  advancing.  The 
pardele  thus  retoms  to  its  former  position  in  the  same  plane,  one-half 
being  tbore,  and  the  other  half  below  the  level  of  the  fluid.  Each 
particle  of  fluid  thus  set  in  motion,  imparts  a  similar  movement  to  its 
coDtigaous  particle,  this  again  to  the  next,  and  so  on.  But  as  a  certain 
time  most  elapse  for  this  transmission  of  motion,  the  different  particles 
wiU  be  describing  different  portions  of  their  circular  movement  at  the 
«me  moment.  Some  will  be  at  the  highest  point  of  their  vertical  circle, 
while  others  are  in  an  intermediate  position,  and  others  at  the  lowest, 
gifiog  rise  to  a  wave  which  advances  a  distance  equal  to  'tis  whole 
bogth,  while  each  particle  performs  one  entire  revolution. 

Fortheuke  of  ■implicitj,  we  will  consider  only  eight  of  the  many  particles 
whieh  we  may  eoneeive  as  'occupying  the  horiiontal  surfaoe  between  a  and  m, 
ig.  265.  Imagine  the  particle  a  to  be  at  rest,  when  a  descending  wave  strikes 
it  It  will  be  depressed,  and  will  begin  to  revolve  in  a  vertical  circle  in  the 
direction  of  the  arrow.    If  we  consider  eight  such  particles  to  be  situated  on  the 

265 
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line  a  Ml,  and  that  each  particle  begins  its  motion  ^  of  a  revolution  later  than  its 
neighbor  next  on  the  left  hand  ;  then  at  the  instant  when  a  has  completed  one 
entire  revolation,  the  second  will  be  one-eighth  behind  it,  vis. :  at  7 ;  the  3d, 
two-eighths  behind  it,  vis. :  at  6 ;  and  the  fourth,  fifth,  sixth,  seventh,  and  eighth, 
St  the  points  5,  4,  3,  2,  and  1  respectively,  whilst  the  0th  partiele  is  but  just 
b^inaing  to  move.  Connect  the  points  a,  7,  6,  5,  4,  3,  2,  1,  m,  and  the  line  will 
npiMnt  the  form  of  the  fluid  surface  at  that  precise  moment  of  the  undulation. 

The  diameter  of  the  circle  which  each  particle  describes,  is  the  ampli- 
tode  or  intensity  of  the  wave,  r6  its  depth,  and  </2  its  hci^^ht,  each  of 
whieh  is  equal  to  the  radius  of  a  circle  which  any  particle  describes 
daring  one  oscillation.  This  radius  is  longer  or  shorter  according  to 
the  tmplitnde  of  the  wave.  It  is  sometimes  twenty  feet,  which  makes 
•  Terj  high  wave,  probably  the  largest  which  ever  occurs  on  the  ocean 
in  a  violent  storm,  unless  it  be  those  waves  which  have  been  increased 
bj  the  accumulation  of  wave  upon  wave. 

321.  Stationary  waves. — Stationary  undulations  may  be  pro«luced 
by  exciting  waves  in  a  circular  vessel,  from  its  central  point.    The 
I  being  reflected  from  the  circular  wall,  will  produce  another  series^ 
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whitli,  (V)nihiniMl  with  the  first,  will  produce  the  effect  of  a  stationtrj 
;:Ti.|ii!:iii')ii.  S.>  aUn  tliey  may  he  produced  on  a  surface  «»f  a  liquid 
c.iiitirjf.l  ill  ;i  sinii^rht  channel  hy  exciting  a  succession  of  waves,  sepir 
rat<r<i  )*y  oiiual  intervals,  moving  apiinst  the  side  or  end  of  thecbaooel 
an«l  n'flt"t't«"l  ir.»in  it. 

;;'JJ.  Depth  to  which  waves  extend. — Waves,  or  undulations, 
arc  not  only  prM|ia;^ateil  laterally,  hut  also  in  all  other  directions.  It 
has  hoon  aM?ortaiiuMl  fliy  the  Messrs.  AVebber)  that  the  equilibrium  of 
ihc  liiiui'l  is  not  ilisturi>ed  to  a  greater  depth  than  about  three  hondred 
anrl  Jifty  t'unrs  tin*  altitude  of  the  wave. 

.'iJ.i.  Reflection  of  waves. — If  a  series  of  progressive  waves  vt 
arn.'sti.Ml  l»y  ini| linking  ngain.st  any  solid  surface,  they  will  be  reflected 
again  from  that  surface  under  the  same  angle  at  which  they  struck  it. 
This  relU'ction  of  waves  is  oceasiuned  by  elasticity,  and  obeyss,  preciselj, 
the  laws  which  r.'gulato  the  impact  of  elastic  bodies. 

Since  tlii«*  law  applies  to  all  the  rays  which  constitute  the  breadth  of 
a  wave,  the  path  of  a  reflected  wave  may  readily  be  determined  byi 
knowledgi'  of  the  surface  and  the  angle  of  incidence.  If  the  wave  i* 
linear,  (that  is,  if  the  line  resting  upon  the  highest  point  of  the  elevation 
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I  be  ft  |wuHibab»  and  &  ware  originate  at  its  fowu,  all  the  rajs 
il,  lAsr  rallMtioNv  pass  in  parallel  lines.  Or,  if  the  rays  impinge  in 
(HtUil  fines,  Umj  will*  after  reflection,  oonyerge  to  the  foons. 

Rf.  HT  fiprwiats  tlis  parabolie  maw.  The  point  V  ii  iti  rweUx,  the  line 
YM  it!  Asii.  The  point  F,  npon  tlie  axU,  ii  the  foeae,  end  hes  the  following 
fNftrtj.  If  linee  be  drawn  from  the  foena  to  any  pointa, 
P,  il  tiM  ennre,  and  other  linee  be  drawn  from  the  points,  P, 
imnUypenllel  to  the  azia  Y  M,  meeting  linee  W  W,  drawn 
pvpmdMar  to  the  azie,  the  lines  F  P  and  Pp  will  be  in- 
dM  at  equal  eagles  to  the  eorre  at  the  point  P,  and  the 
m  af  thMT  lengths  will  be  OTerywhere  the  aame.  Henoe 
itnaybe  deBBonatrated,  aa  in  the  eaae  of  the  ellipae,  that  If 
a  arias  of  progreasiTe  waToa  be  propagated  from  the  foena 
fi  IkiN  waTee,  after  atrlking  the  curre,  will  be  xefleetad,  ao 
•itt  fnrn  a  aeries  of  parallel  atraight  warea. 

MonoTer,  it  is  evident  that  if  two  parabolas  face 
«di  other,  so  as  to  have  their  axes  coincident,  a  sys- 
tea  of  progressive  oircalar  waTCs,  issaing  from  odc  focus,  will  be  fol 
loved  by  a  corresponding  system,  having  for  its  centre  the  other  foons. 
For  if  s  aeries  of  parallel  straight  waves  strike  a  parabolic  snrface, 
tbeir  reflection  would  form  a  series  of  circular  waves,  of  which  the 
eentre  would  be  the  focus. 

Rays  reflected  from  spherical  surfaces,  whose  extent  is  small  com- 
pired  with  their  diameter,  will,  in  their  direction,  approximate  closely 
to  those  reflected  from  a  parabolic  boundary. 

326.  Ciroolar  waves  reflected  from  a  plane. — If  the  diverging 
njs  of  a  circular  wave  fall  upon  a  plane  surface  at  right  angles  to  it, 
tbeir  path,  after  reflection,  is  the  same  as  it  would  have  been  bad  they 
ori^nited  from  a  point  on  the  opposite  side  of 
Am  plane,  and  as  far  back  as  the  point  of  origin 
M{]  that  is,  the  form  of  the  reflected  wave 
will  be  the  reverse  of  the  incident  wave,  for  the 
nji  which  first  strike  the  surface  will  be  re- 
iNted  first,  and  will  have  returned  to  the  same 
iittsnee  from  the  surface  at  the  time  when  the 
iMtrtja  meet  it,  that  these  last  rays  were  at  the 
■oment  when  the  first  were  reflected. 

Ais,  snppoae  the  wave  gad,  proceeding  from  the  eentre  e,  fig.  268,  impinges 
*>  (ks  plane  snrflMe,  e/.  The  form  of  the  ware,  after  reflection,  will  be  the 
"•ettat  it  would  hare  been  had  it  proceeded  from  e',  on  the  other  side  of  e/, 
(si  fts  same  disUnee).  It  is  evident  that  with  a  eircnlar  ware,  all  iU  poinU 
**>ss4iaipi]ige  at  the  same  time  on  a  plane,  therefore,  the  portions  in  advanoe  will 
^■PiMS  first,  and  will  first  he  reflected ;  and  when  a  impinges,  the  rays  at  d  and 
f  kavi  sun  to  go  through  the  distances  d  t  and  gf,  before  they  can  be  reflected ; 
^it  Ihaapaeo  of  time  required  for  thia,  the  ray  at  o  will  have  fetnTuel  W  te 
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poinl  k.  Id  the  Bune  way  it  may  b«  ihown  that  the  intermediate  ra; 
retarn  to  intermediate  positions,  and  be  found  in  the  line  e  k/,  lymmet 
■ituated  to  the  line  e  n/,  in  which  they  would  hare  been  had  they  nc 
reflected  from  the  plane.  And  it  further  follows,  that  the  centre,  e', 
reflected  wave  dhg^  is  as  far  from  e/,  as  is  the  centre,  e,  of  the  ineident 
•  n/,  but  on  the  opposite  side  of  the  median  plane,  e  o/. 

327.  Combination  of  waves. — Where  two  systems  of  ' 
ooming  from  different  centres,  meet  each  other,  several  effects  m 
low,  according  to  the  mode  of  meeting,  which  curiously  illustra 
principles  of  undulation  in  all  departments  of  physics.  Ist. 
elevations  of  the  two  waves  coincide,  and,  consequently,  their  depn 
also,  then  a  new  wave  will  be  formed,  whose  elevations  and  depn 
will  be  the  sum  of  those  of  the  two  originals.  2d.  If  the  two 
of  equal  amplitude  are  so  superimposed  that  the  reverse  of  the  la 
is  true,  t.  «.,  that  the  elevation  of  one  fits  the  depression  of  the 
then  both  waves  disappear,  and  the  surface  remains  horizontal 
3d,  if  one  wave  has  greater  amplitude  than  the  other,  and  tl 
waves  meet  in  the  same  phase,  then  the  resulting  wave  will  1 
height  equal  to  the  difference  between  the  greater  and  the  less. 

Combinations,  and  interference  of  waves,  are  of  universal  occu 
in  all  media,  in  which  force  of  any  kind  is  propagated  by  undult 

328.  Interference  in  an  ellipse. — The  two  systems  of  waves  f 
by  an  elliptical  surface,  and  propagated,  one  directly  around  one 
foci,  and  the  second  formed  by  refleo^  269 

tion  around  the  other,  exhibit  not 
only  the  phenomena  of  reflection, 
but  also  of   interference.      These 
phenomena  are  represented  in  fig. 
269,  where  a  and  b  are  the  two  foci. 
The  strongly  marked  lines  are  the  i 
elevations,  the  more  lightly  traced  j 
lines  are  the  depressions,  the  points  \ 
where   the   more  strongly  marked  ^ 
circles   intersect  the   more  faintly 
marked  circles,  are  points  where 
an  elevation  coincides  with  a  de- 
pression, and  are  therefore  points 
of  interference.     The  series  of  these  points  form  lines  of  interf 
which  are  indicated  in  the  diagram  by  dotted  lines,  which,  as  ¥ 
seen,  arrange  themselves  regularly  in  the  form  of  hyperbola  and  e 
about  these  foci. 

329.  Undalations  of  the  waters  of  the  globe. — The  undul 
prpdn  i^QoeMia,  lakes,  rivers,  and  other  large  coilectu 
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mM  npon  tba  «drfe4)e  of  Uio  globe,  KPe  of  ntrfltne  importauoe  in  the 
wmmj  of  Qftture.  IHd  not  ^ftter  possest^  aa  a  ctonseqaence  of  the 
ttohilUj  of  ita  pailiclia  aaioog  each  otber,  tbfl  property  of  beiDg  thus 
at  k  moftki^  the  (H;eiLii  would  soon  be  reodered  putrid  by  the  deoom- 
fmHtim  of  Ihe  m^a»  of  orgaabed  matter  it  contains.  The  prinoipal 
plijned  oiuie  which  produces  th^a  unduUtiODs  oa  &  moderate  scale, 
iitkiQotioo  of  the  iitmotpbere.  On  a  large  icale  tbej  are  produced 
bf  tiM  eombiiied  efecti  of  the  attraction  of  the  son  and  moon  upon 
tti  ntrface  of  the  ocean,  which  caneea  the  ebb  and  flow  of  tides. 
Bifeioeet  in  temperature  and  detssity  of  the  water*  of  different  parts 
<tf  lh«  oeean,  cause  ourrents,  by  the  efforts  of  tljose  waters  to  assume  A 
i^fllequilibriam ;  and  lastlj^  the  rotation  of  the  earth  upon  its  axis, 
on^ktting  the  canitaut  easterly  cnrrent  A  full  discussion  of  these 
tttergttiag  queetiotis  belongs  to  Phyaical  Geography. 

1 4.  Undulationa  of  SUuitio  Flnlds. 

330.  Waves  of  oondenaation  and  rarefaction. — The  andulations 
<^  liquids  already  described  (319)  are  surface  waves.  Undulations  of 
tbe  8tme  kind  may  also  be  produced  in  elastic  fluids.  Elastic  fluids 
tre  alto  sabject  to  undulations  of  a  totally  different  kind  called  u>ave$ 
9f  condensaiion  and  waves  of  rarefaction.  Such  undulations  are  due 
to  elasticity,  and  are  produced  in  air  and  gases  by  any  disturbance  of 
denrity.  If  any  elastic  fluid  be  compressed,  and  again  suddenly 
reliered  from  compression,  it  will  expand,  and  in  its  expansion  exceed 
iti  former  volume  to  a  certain  extent ;  after  which  it  will  again  con- 
tnet,  sod  thus  oscillate  alternately  on  either  side  of  the  position  of 
RpOM.  It  is  obvious  that  we  must  regard  these  undulations,  or  pulses 
^ sir,  IS  extending  equally  in  all  directions  in  the  free  air,  and  limited 
M^y  by  the  walls  of  the  containing  vessel  or  apartment  when  the  air  is 
coelMd.  Therefore,  the  effects  of  the  united  oscillations  extend  equally 
n  ths  souse  of  radii,  from  the  centre  to  every  point  of  the  surface  of 
tiphsfi. 

iSL  Vadulatloiie  of  a  sphere  of  air. — ^The  oscillations  of  air  will 
^  be  eonflned  to  the  sphere  in  which  they  commence.  When  air 
>  int  contracted,  an  atrial  shell,  bounding  the  sphere  of  contraction^ 
^xpuds,  and  becomes  thereby  less  dense  than  when  in  equilibrium. 
Affua,  upon  the  expansion  of  the  original  sphere,  the  bounding  shell 
^'^I'tnots,  and  becomes  more  dense,  in  virtue  of  its  inertia  and  elasticity, 
^ia  exterior  shell  of  air  thus  acts  upon  another,  external  to  it ;  this  in 
^  tun  on  another,  and  so  on,  and  thus  the  initial  force  is  propagated 
^^  meeeesive  oonoentrio  portions  of  air ;  its  effects  becoming  less 
■■■riMd  with  eaeh  enlargement,  until,  like  the  ripple  of  a  ivttve  oC 
vi^i  itbeoovef  too  erMBoaceot  to  be  appreciated.    CompaM  \^&!^* 
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Thii  alternate  condensation  and  expaoiion  of  an  elastie  fluid,  extendi 
rally  around  the  original  centre  of  diitorbanoe,  is  perfectly  analogous 
of  circular  waves  formed  around  a  point  on  the  surface  of  a  liqaid.  Tl 
sation  of  the  elastic  fluid  being  analogous  to  the  eleration  of  a  surface 
the  phase  of  rarefaction  being  analogous  to  the  phase  of  depression. 

The  radius  of  the  hollow  sphere,  or  the  distance  the  undulation  had 
when  the  first  particles  resumed  a  position  of  rest,  is  called  the  length  ( 
the  entire  sphere  comprised  within  these  limits  constitutes  a  wave,  an* 
of  vibration  is  equal  to  the  time  in  which  motion  is  propagated  through 
length  of  a  wave.  If  the  cause  which  excited  the  undulation  oontinaes  I 
the  first  wave  will  expand,  and  there  will  arise  a  second  and  third  y 
within  th«  first,  and  concentric  with  it. 

This  radial,  propagation  of  undulations  in  air  can  take  place  with  e 
city  in  all  directions,  only  when  the 
atmosphere  is  of  uniform  density,  so 
far  as  the  vibrations  extend.  If  this 
is  not  the  case,  such  a  wave  cannot 
have  a  spherical  form. 

Let  fig.  270  represent  a  section  of  a 
sphere  of  air,  or  other  elastic  fluid,  in 
which  waves  of  condensation  and  rare- 
faction have  extended  outwards  from 
the  centre  C ;  then  the  heavy  lines,  < 
<* ^/fft  f>hik,  and dlpq,  will  represent 
the  phases  of  greatest  condensation,  the 
finer  intermediate  lines  will  represent 
the  spaces  of  greatest  rarefaction,  and 
the  distances  m  n,  and  n  o,  between  cir- 
cles of  greatest  condensation,  will  be 
the  length  of  the  waves. 

Mechanical  illustration.— Pro- 
fessor Suoll  has  contrived  the  apparatus,  represented  in  fig.  271»  to  illns 
undulations.     It  consists  of  a  shaft  turned  by  the  crank  seen  at  H 
which  are  elliptical  grooves,  inclined  to  271 

the  axis,  in  which  the  rods  carrying  the 
white  balls  are  made  to  vibrate  from 
right  to  left  and  back  again.  These 
grooves  are  so  arranged  that  each  sue- 
cessive  ball  moves  to  the  loft  later  than 
the  preceding.  Thus  the  balls  are  seen  i 
crowded  together  at  certain  parts  of  the 
series;  and,  as  the  crank  is  turned,  the 
phases  of  greatest  condensation  travel  across  the  field  from  left  to  ri 
other  similar  waves  are  formed  and  continually  succeed  them. 

332.  Velocity  and  intensity  of  aerial  waves.— The  velc 
which  such  undulations  are  propagated  through  the  atmosphere 
on,  and  varies  with,  the  elasticity  of  the  fluid.  Waves,  both  1 
small,  are  transmitted  with  an  equal  velocity,  so  long  as  the 
remains  the  same.  The  intensity  of  vibration,  i.  «.,  the  dimei 
the  spaces  which  the  individual  particles  traverse  while  in  thii 
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,  depmds  on  the  energy  of  the  disturbing  force,  which,  it  is 
■bfiidanti  it  &  meMare  of  the  degree  of  compression  of  the  wave. 

in.  Iiitoite«iio«  of  w«TM  of  air. — If  two  series  of  aSriai  waves 
I  as  to  their  points  of  greatest  and  least  condensation,  a  new 
I  of  waves  will  be  fbrmed,  whose  greatest  condensation  and  rare- 
si  is  detonnined  by  the  som  of  these  points,  as  prevailing  in  the 
>  ondnlations.  Bat  where  the  series  are  so  arranged  that  the 
foal  of  greatest  condensation  of  one  coincides  vrith  the  point  of 
fffmkti  rarefaction  in  the  other,  the  resulting  series  vrill  have  conden- 
srtiou  ind  rarefactions  equal  to  the  diffsrence  between  the  waves  which 
auk.  If  they  are  equal,  total  interference  takes  place,  as  in  the  case 
of  BOD-elastie  fluids,  and  silence  results,  if  the  vraves  are  those  of  sound. 

Indeed  all  the  effects  described  in  the  case  of  waves  formed  upon  the 
SBified  of  a  liquid  are  reproduced  under  analogous  conditions  in  the 
ON  of  undulations  of  aSriform  bodies.  It  must,  however,  be  borne  in 
■isd,  that  these  aSrial  waves  have  always  a  spherical  form. 

S3i  Intensity  of  waves  of  air  expanding  freely. — The  undu- 
ktioin  produced  in  air  form  progressively  increasing  spheres  (330), 
ibe  magnitude  of  whose  surfaces  are  to  each  other  as  the  square  of  their 
ndii,  or  as  the  square  of  their  distance  from  their  respective  points  of 
inpolse.  As  the  intensity  of  the  wave  is  diminished  in  proportion  to 
tbe  space  over  which  it  is  diffused,  it  follows,  that  the  effect  or  energy 
of  these  waves  diminishes  as  the  square  of  the  distances  from  the  centre 
of  propagation  increases.  So  soon,  however,  as  the  radial  extension 
of  the  wave  meets  with  any  resistance  which  reflects  the  rays  in  a 
Ittillel  or  concentric  direction,  this  rule  ceases  to  be  applicable/ 


Problems. 
On  the  Laws  of  Vibrations. 


lA  It  a  eoid  of  a  giren  length  makes  48  vibrations  per  eeoond,  what  most 
tsiSMfeetive  lengthe  of  similar  oords  to  make  63,  64,  72,  81,  and  90  vibra- 

ttM|«iMOBdr 

Ui  If  a  eord,  3  feet  long,  extended  by  a  weight  of  10  lbs.,  makes  06  vibra- 
flMi|«sieond,  with  what  force  mnst  a  similar  eord,  2  feet  long,  be  extended 
^itaaj  Bake  108  vibrations  per  second? 

Ul«  If  SB  iron  wire,  one-tenth  of  an  inch  in  diameter  (Sp.  Gr.  7*8),  makes 
n  vftnttoBS  per  seeond,  what  mnst  be  the  diameter  of  a  platinum  wire  of  the 
■Mhagth  (8p.  Or.  21*23)  which  will  make  46  vibrations  per  second? 

Itt.  iA  iion  rod,  vibrating  by  torsion,  makes  30  oscillations  per  second ;  how 
■"^  lisger  Bust  a  rod,  having  twioe  the  diameter,  be  to  vibrate  (with  the 
■■•ftne)  U  tiiaes  per  second  t 
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CHAPTER  VL 

ACOUSTICS. 

{ I.  Produotion  and  Propagation  of  Sound. 

335.  AconsticB. — Sound. — Acoustics  (derived  from  the  QnA 
Terb,  dxouw,  to  hear),  teaches  the  science  of  sounds,  their  cause,  nfttuie, 
and  phenomena.  Sound  is  the  impression  produced  on  the  seDM  d 
hearing  by  the  vibrations  of  sonorous  bodies.  These  vibratiuus  an 
transmitted,  to  the  ear  by  the  surrounding  medium,  which  is  ordinaril; 
the  atmospheric  air. 

Sound  a  sensation. — It  will  be  understood,  therefore,  that  til 
sound,  whether  unmusical,  like  mere  noise,  or  musical,  like  whit  is 
technically  called  a  tone  (a  sound  of  definite  and  appreciable  pitch), 
is  a  setisation;  and  the  causes  which  produce  this  sensation  may  exist 
without  the  sensation  itself— that  is,  without  sound.  The  caose  of 
sound  being  atmospheric  vibration,  if  there  be  no  delicately  constructed 
organ,  like  the  ear,  to  receive  the  impression  of  this  vibration,  there  v 
no  sound.  It  would  follow,  that  even  at  the  Fails  of  Niagara,  if  there 
were  no  ear  present  to  receive  the  impression,  those  gigantic  vibrar 
tions  would  exist  only  as  such — without  sound. 

Key-note  of  nature. — The  aggregate  sound  of  nature,  as  heard  in 
the  roar  of  a  distant  city,  or  the  waving  foliage  of  a  large  forest,  is  eaiii 
to  be  a  single  definite  tone,  of  appreciable  pitch.  This  tone  is  held  t< 
be  middle  F  of  the  pianoforte — ^which  may  therefore  be  considered  tb< 
key-note  of  nature. 

Noise. — The  distinctive  character  of  mere  noise  is  determined  bj 
the  nature  and  duration  of  the  irregular  vibrations  causing  it  If  thee* 
vibrations  are  short  and  single,  the  effect  is  that  of  a  crack,  or  an  abrup 
explosion,  as  in  the  snapping  of  a  whip,  or  the  explosion  of  cannoD 
If  they  are  continuous  and  prolonged,  the  effect  is  that  of  a  rattle,  o 
rumble,  like  the  rolling  of  thunder,  or  the  noise  of  carriages  over  < 
stony  road. 

Musical  sounds.A-Sound,  in  a  musical  sense,  or  tone,  is  the  sen^** 
tion  produced  by  a  scries  of  equal  atmospheric  vibratiouR.  NuiM  > 
the  sensation  produced  by  unequal  vibrations.  If  we  tiirow  a  singl 
stone  into  the  centre  of  a  placid  lake,  a  single  wave  circles  off  ^ 
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thf  jhore :  such  is  the  effect  upon  the  air  when  a  tone  U  produced. 

If  a  handful  of  pebbles  is  thrown  into  the  hike,  each  separate  pebble 
pnxiaces  its  own  circle,  these  circles  intersect  each  other  and  become 
ooofiued  to  the  eye :  such  is  the  effect  upon  the  air  when  a  noise  is 
produced.  Pulling  the  string  of  a  harp  would  correspond  to  the  single 
HoDe  thrown  into  the  lake :  striking  a  table  or  chair,  where  the  sepo- 
nte  fibres  of  the  wood  vibrate  unequally,  would  correspond  to  the 
bindfiil  of  pebbles. 

A  ehvreh-belly  to  a  eoltiTated  ear,  is  noisy,  or  masical,  according  as  the  tones 
h  the  Tibrating  metal  (for  erery  bell  produces  more  than  one  distinguishable 
liie)ehance  to  be  at  miuical  or  nnnmsical  intervals.  If  the  intervals  are  (ma- 
Mtj  eonaidered)  diaaonances,  the  bell  will  be  discordant ;  if  they  are  con- 
mit,  the  bell  will  be  harmonious.  Again,  if  in  these  concordant  tones  the 
iMvTsls  be  «<mi^or/'  the  bell  will  be  oheerfol;  if  they  be  «  minor,"  the  bell 
wiObeiad. 

336.  All  bodies  prodnolng  Bound  are  in  ▼ibration. — If  the 
lODorous  body  ia  solid,  and  presents  a  large  surface,  as  a  bell-jar,  the 
Tibntbns  may  be  shown  by  suspending  a  small  ivory  373 

biQ,  t,  by  a  thread  in  the  interior  of  the  jar  A  6,  in- 
dmed  in  the  position  seen  in  fig.  272.  When  the  jar 
mounds  with  a  blow,  the  ball  Is  thrown  from  the  sides, 
M  ihown  by  the  dotted  line,  and  returning,  is  again 
tbrown  off,  and  so  continues  bounding,  in  consequence 
of  the  vibratioDS.  A*tooch  from  the  hand  arrests  the 
vibratory  movement  in  the  glass:  the  sound  ceases, 
aodthe  ivory  ball  remains  quiet. 

If  the  sonorous  body  is  a  plane 
nrfiee,  its  vibrations  may  be  shown 
^  the  formation  of  nodal  lines  with 
ptioi  of  sand  scattered  upon  it. 
^eo  the  sound  is  produced  by  a 
■tntcbed  cord,  the  vibrations  may 
^felt  by  touching  the  cord  lightly 
^th  the  band,  or  may  be  seen  by 
pitting  bands   or  rings  of  paper 

^B  the  vibrating  cord.     In  wind  .^^  i^bj^ibh^^™ 

"'itraments,  it  is  the  air  which  they  contain,  whose  vibrations  produce  the 
■wictl  sounds. 

"Hiii  may  be  proved  by  an  organ-pipe,  or  by  a  glass  tube,  fig.  273,  when  a 
^^vnnt  of  air  is  passed  into  it  through  the  foot,  0.  A  small  membrane  of  gold- 
""*tw'i  akin,  extended  on  a  circle  of  pasteboard,  B,  is  placed  within  the  tube, 
*b4  nutained  in  a  horizontal  position  by  means  of  a  thread.  Grains  of  sand 
'^'cved  upon  the  membrane,  will  be  arranged  in  nodal  figures,  proving  that  the 
■••brine  obeys  the  vibratory  movement  of  the  air  which  surrounds  it.  That 
^Tibratioas  are  not  doe  to  an  ascending  current  of  air,  is  proved  by  the  Uct, 
i^tbs  membrane  does  not  vibrate  when  it  is  placed  midway  of  the  length  of 
24* 
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tbt'  tubp  [«  nodal  point]}  lint  tboT«  ur  balow  Ihii   point  it  Tibrmtn,  kbI  v^  ■  ^^ 
vtriJQglj  &a  it  la  furlhar  r«moreci  from  the  cetiLre.  M  j^d 

337.    Sound  propagated   hj  wav^es,- — Sound  It^  prop&giieii^  S^ 

war^  uf  condeDsatfon  and  rarefactian  (330 )»  ^  ibown  in  fig.  214  1^ 

274 


Tibratione  of  the  sounding  heW  ar«  commuaicqited  to  tho  surroutidi^ 
m^iumf  and  bj  yibrat)o»»  alternately  forwiircU  mij\  lifiLckwiuxlA.  M^ 
titin  if!  (!ommuuicated  to  an  over  increttj^ing  spUc^rioal  |rt>rtiaii  of  til 
mod  J  u  01  OP  til  it  reaches  the  ear,  by  which  tbtt  s^ftitili^n  of  voutid  k 
perceived. 

338.  Co-eziatence  of  aoujad- waves. — Han^annndft  ma^  b«  tniv^ 
miltod  ^simuHanftooflly  m  different  directions  by  the  sann*  niediuta  wt!*^ 
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340.  Sonnd  la  propagated  in  all  elastic  bodies.— If,  in  the 
experiiueut  ju»t  desuribed,  the  viicuuiu  its  supplied  with  hydrogen  gas 
(Jeoeity  0.0ti92),  ur  any  gas  of  less  den.sity  275 

thftD  atmiwpheric  air,  a  sound  will  bo  traos- 
miiied  fnim  the  bell,  very  feeble  for  the  hy- 
(Iriij^D,  and  increasing  as  the  gas  is  more 
dcaiie.  In  like  manner,  a  person  whose  lungs 
hire  been  filled  with  hydrogen  gas,  utters 
uiilj  A  shrill  piping  sound. 

Vipon,  water  and  other  liqaids,  traninnit 
•uaadi  like  ga«ea,  bat  with  mach  mure  energy. 
Vh«D  tvo  bodies  are  struck  under  water,  tbe 
Mod  It  distinct  to  a  person  haying  his  ear 
viitf  water,  or  communicating  with  the  water 
bj  maai  of  some  solid  substance.  The  eonducti- 
klit?  ur^ouod  is  so  great  in  nolida,  that  if  we  apply 
the  KJkT  to  one  end  nf  a  beam  of  wood,  the  tilightest 
*ii<:<  k.  a.-:  the  scratch  of  a  pin  at  the  other  extremity,  may  he  heard  distinctly* 
Tb«  D(>i<ie  fif  cannon  has  been  heard  a  <listunce  of  more  than  two  hundred  and 
ffly  milet>.  by  applying  the  oar  to  the  solid  earth.  In  several  mines  in  Corn- 
wall. Kncland,  thert>  are  galleries  which  extend  under  the  sea,  where  the  sound 
of  (h«  waves  ik  clearly  heard  when  the  sea  is  agitated,  rolling  the  pebbles  and 
boaldcr^  i»vcr  the  rocky  bottom  of  iho  ocean. 

Tbe  mufic  from  a  company  of  mu!«iriuni<,  playing  in  orchestra  upon  numerous 
is^'ramentii.  has  been  transferred  to  an  apartment  in  another  house,  by  a  cord 
itrctcke<l  scruKS  the  intervening  street,  connecting  at  one  end  with  a  souuding- 
b(«rl,  and  ut  the  other  extremity  with  a  wooden  box.  On  placing  the  ear  at  an 
opeDiDf^  in  the  box,  the  whole  musical  movement  was  heard,  reproduced  in 
■iciaturc.  I>cinj;  transmitted  by  the  vibrations  through  the  cord.  A  bystander 
i>  the  fitme  apartment  was  unconscious  of  there  being  any  performance. 

341.  Hearing  is  a  sense  depending  upon  the  ear,  a  beautifully  con- 
^«'tod  instrument,  designed  to  gather  in  the  vibrations  of  the  sur- 
^'Dnliing  air.  This  vibratory  movement  is  communicated  to  the  acoustic 
D«rTf>  by  the  aid  of  organs  which  will  be  described  in  detail  at  the  close 
«f  this  chapter. 

^  Time  is  required  for  the  transmission  of  sound. — Expe- 
rience tefitifies  to  the  truth  of  this  statement.  We  heor  the  blows  of  a 
^oer  at  a  distance  a  very  sensible  interval  of  time  after  we  Kce  them 
*tnick.  An  appreciable  time  elapses  after  we  see  the  flash  of  a  canncm, 
Atalitde  distance  from  us,  before  we  hear  the  explosion.  The  report 
of  tbe  meteor  of  1783  was  hcord  at  Windsor  Castle  ten  minutes  after 
Its  dixappearance. 

•H43.  The  velocity  of  all  sounds  is  the  same.* — The  vclr>city  of 
Kiaod  is  the  space  that  it  traverses  in  a  second.  Theory  demonstrates 
^  the  velocity  of  the  vibrations  of  sonorous  bodies  in  the  same  me> 


•  See  note  /n  Appendix,  p.  MS. 
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'• 
diam,  is  the  same  for  all  soands,  grave  or  sharp,  stnmg  or  feebli 
\rhatever  may  be  their  pitch.   Observation  confirms  this  result,  at 
for  those  distances  at  which  experiments  have  been  made.  There 
confusion  in  the  effects  of  music,  at  whatever  distance  it  maj  be  I 

If  the  different  notes  simnltaneoiulj  produced  bj  the  Tarioiis  inftnuM 
an  orchestra,  moved  with  different  velocities,  thej  would  be  beud  hj  a  ( 
auditor  at  different  moments,  so  that  a  musical  p«rformance,  exc^t  to  U 
its  immediate  vicinity,  would  produce  only  discords.  M.  Biot,  in  playi 
air  upon  a  flute  at  the  extremity  of  a  pipe  of  the  aqueduct  of  Paris,  foon 
the  sounds  came  to  the  other  end,  having  exactly  the  same  interval,  d 
strating  that  the  different  sounds  travelled  with  the  same  velocity. 

344.  Velocity  of  sound  in  air. — Numerous  experiments  hav( 
made  for  estimating  the  velocity  of  sound ;  that  is,  the  space  ti 
travels  over  in  a  second.  The  most  extensive  and  accurate  syst 
experiments  were  those  made  in  1822,  by  the  Board  of  Longiiu 
France,  conducted  by  Messrs.  Prony,  Arago,  Humboldt,  Gay  L 
and  others. 

Two  pieces  of  cannon  were  used,  one  placed  at  Montlh^ry,  the  other  at 
martre,  between  which  the  distance  is  18,612  m.  (=  61,063-8  feet),  or  moi 
ten  miles.  The  discharges  were  reciprocal,  so  as  to  avoid  the  influence 
wind.  At  each  station  were  numerous  observers,  furnished  with  chronoi 
who  noticed  the  time  between  the  appearance  of  the  light,  and  the  arrival 
sound.  This  time  may  be  called  that  which  the  sound  requires  to  passfn 
station  to  another,  for  the  time  occupied  by  the  passage  of  the  light  b 
the  two  points  is  wholly  inappreciable.  The  moan  time  required  to  transi 
sound  was  54*6  seconds.  By  dividing  the  distance  between  the  two  stati 
this  number,  the  velocity,  per  second,  is  obtained.  The  velocity  of  soi 
61°  F.  (16°  C),  that  being  the  temperature  of  the  atmosphere  during  t 
periment,  is  1118-3  feet  (340-88  m.),  (for  61,063-8 -j- 64-6  =  1118-3 -j-)] 
the  temperature  of  32°  F.  it  would  be  about  1086-1  feet. 

Messrs.  Bravais  and  Martin,  in  1844,  have  determined  that  the 
city  of  sound  between  the  summit  and  base  of  the  Faulhom  (a 
mountain  in  the  Swiss  Alps)  is  th«  same,  whether  ascending  or  det 
ing.  and  that  it  is  1090-47  feet  per  second  at  32°  F. 

It  has  been  determined,  1.  That  the  velocity  of  sound  decreases 
the  temperature ;  at  50**  F.  (10°  C),  it  is  1106091  feet  (337  m. 
that  as  the  temperature  is  lowered,  sound  diminishes  in  velocity 
one  foot  and  a  tenth  for  every  degree.  2.  That  at  the  same  ten 
ture  the  velocity  of  sound  is  not  materially  affected,  whether  the 
bright  or  cloudy,  the  air  clear  or  foggy,  the  barometric  pressure 
or  small,  provided  the  air  is  tranquil.  All  of  these  circumsti 
however,  exert  a  great  influence  on  the  intensity  of  the  sound 
reaches  the  ear  from  a  given  distance.  Fogs,  snow,  Ac.,  prevei 
free  propagation  of  sound,  but  do  not  materially  affect  its  velocit; 
That  its  velocity  varies  with  the  velocity  and  directi  ^n  of  the  win 
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MS.  Volooltj  of  Mmnd  in  different  gases  and  Tapors. — The 
fdoeity  of  sound  in  the  different  gases,  is  in  the  inverse  ratio  of  the 
■qnare  root  of  their  densities. 

DiloBg  has  determined  bj  ealcnUtion  the  velocity  of  sound  in  the  following 
|iMi,a  the  tempenbtore  of  32^*  F.  Carbonic  acid  860  feet  (262  m.),  oxygon 
IMI  feet  (317  m.).  defiant  gas»  1030*2  feet  (314  m.),  air,  1092-64  feet  (333  m.), 
caibenie  oxyd,  1105  6  feet  (337  m.),  tnd  hydrogen,  4163  feet  (1269  m.),  each 
is  a  aeeond.  The  theoretical  velocity  of  sound  in  vapor  of  alcohol  at  140°  is 
W  feet,  in  vapor  of  water  at  154°  is  1347  feet  The  observed  velocities  are 
giaenlly  not  very  far  from  those  given  by  calculation. 

346.  Calcolation  of  distances  by  sound. — The  known  velocity 
of  8uund  per  second  (1118  feet),  enables  us  to  obtain  a  close  approxi- 
Btttiun  of  the  distance  of  the  sonorous  Ixxly.  This  follows  as  a  conse- 
ijoence  of  the  very  experiments  (344)  by  which  the  velocity  of  sound 
wta  determined.  From  the  known  laws  of  falling  bodies  (71),  we  may 
tl«),  with  the  aid  of  the  known  velocity  of  sound,  obtain  an  approzi- 
Bttte  estimate  of  the  heiglit  of  a  precipice,  or  the  depth  of  an  abyss, 
from  the  lime  occupied  by  the  sound  of  any  projectile,  let  fall  from  the 
hind,  in  reaching  the  ear. 

347.  Velocity  of  sounds  in  liquids. — Sound  is  conveyed  through 
liquids  ta  well  as  through  gases.  The  velocity  of  sounds  in  liquids 
i*  Djuch  greater  than  in  air.  In  1827,  Messrs.  Colladon  and  Sturm, 
experimenting  upon  the  velocity  of  sound  in  the  Lake  of  Geneva,  found 
it  to  l>e  4708  feet  (1435  m.)  per  second,  or  about  four  and  a  half  times 
petter  than  in  air,  at  the  temperature  of  46*6°  F. 

Aptation  of  the  water,  liquids,  Ac,  did  not  affect  either  the  rapidity  or 
bteoiiity  of  the  sound.  But  the  interposition  of  solid  bodies,  such  as  walls,  or 
baildin^,  between  the  sounding  body  and  the  observer,  almost  destroyed  the 
tnnnnisfiion  of  sound  in  water ;  an  effect  which  does  not  take  place  nearly  to 
the  fame  degree  in  air  (350). 

348.  Velocity  of  sounds  in  solids. — Sound  is  transmitted  by 
■olid  iHMiies  with  much  greater  rapWity  than  by  air,  but  by  no  means 
with  equal  velocity,  varying  much  with  the  elasticity  and  density  of  the 
iiifferent  Kolidsji,  as  well  as  their  homogeneity  and  uniformity  of  structure. 

Vaatof  bomugcneity  in  any  medium  interferes  with  the  propagation  of  !<onor- 
•u Tibration.s.  Lot  a  tall  glass  be  half  filled  with  champagne  wine:  as  long 
tt^flre  is  effervescence,  and  the  wine  contains  air  bubbles,  a  stroke  on  the  glass 
fiHi  only  a  dead  disagreeable  sound ;  as  the  effervescence  subsides  the  tone 
^•eomes  clearer,  and  when  the  liiiuid  is  tranquil  the  plo.":*  rinjrs  as  u.sual.  The 
4antieM  of  »<iiind  a'-ludcil  f«»  is  owing  to  the  fact  that  tli«.«  wine  whirh  form»  part 
«rih«ribratiiig  jiyftem  lacks  homogeneity,  and  iherel'^re  is  intapuble  of  regular 

»»bT*t»Ott. 

The  must  exact  experiments  have  been  made  by  M.  Biut,  with  u  series  of  water- 
Fipei  in  Paris,  which  had  a  length  of  3120  feet  (951  m.).  A  bell  was  hung  at 
^  MBtre  of  a  r^ng  of  iron,  fastened  to  the  mouth  of  the  tnbe,  so  that  ths 
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TibratioDs  of  the  ring  would  affect  only  the  metal  of  the  tabe,  i 
of  the  bell  only  the  included  air.  When  the  ring  and  bell  were  ttnuk  t 
neouslj,  an  observer,  placed  at  the  other  end,  heard  two  aovBda;  the  fnl 
transmitted  by  the  metal,  the  second  by  the  air.  By  notioing  the  intenral  tf 
time  between  the  arrival  of  the  two  sounds,  it  was  aeeertained  that  the  Teled^ 
of  propagation  of  sound  in  cast  iron  is  aboat  10*4  times  that  observed  in  ik; 
that  is,  11.609  feet  (3638*5  m.).  Similar  experiments  were  made  by  F 
on  the  velocity  of  sound  in  stone,  on  the  walls  of  the  galleries  of  the  c 
which  underlie  Paris,  by  observing  the  interval  of  time  between  the  arrival  c/s 
soond  transmitted  by  the  stones  and  of  that  transmitted  by  the  air  of  the  giUciy. 

Wore  the  earth  and  sun  connected  by  an  iron  bar,  nearly  three  years  woiM 
elapse  before  the  sound  of  a  blow  applied  at  the  sun  could  reach  the  earth. 

The  velocity  of  the  propagation  of  sound  has  been  determined  theorstiesl|f 
by  Savart,  Chladni,  Massou,  and  Wertheim,  from  the  number  of  longitwB- 
nal  and  transverse  vibrations  of  the  bodies,  or  their  coefficient  of  elastidty. 
Chladni  found,  by  the  aid  of  longitudinal  vibrations,  that  in  wood,  the  vdeatjf 
of  sound  is  from  ten  t<>  sixteen  times  greater  than  in  air.  In  metals,  the  vd»- 
city  is  more  variable,  being  from  four  to  sixteen  times  as  great  as  in  air. 

349.  Interferenoe  of  sound. — When  two  series  of  sonoroos  nnda- 
lations  encounter  each  other  in  opposite  phases  of  vibration,  tbt 
phenomena  of  interference  are  produced.  The  undulations  will  beooae 
mutually  checked,  and  if  the  two  sounds  are  of  equal  intensity,  instead 
of  producing  a  louder  sound,  as  might  be  expected,  they  will  altogether 
destroy  each  otlier  and  produce  silence.  If,  however,  one  of  the  soundi 
ceases,  the  otlier  is  heard  immediately. 

If  two  sounding  bodies  were  placed  in  the  foci  of  an  ellipse,  fig.  269,  no  send 
would  be  heard,  if  an  ear  was  placed  on  any  of  the  lines  of  interference  iB& 
3ated  by  the  dotted  lines,  but  if  one  sound  was  stilled,  the  other  would  be  heiri 
or  if  the  car  was  placed  between  the  lines  of  intarference,  then  both  soudi 
would  be  heard  simultaneously,  and  would  be  louder  than  either  alone. 

The  interference  of  sounds  may  be  shown  by  means  of  a  commoo 
tuning-fork. 

When  in  vibration,  its  branches  recede  from,  and  ap- 
proach each  other,  as  shown  by  the,  dotted  lines  in  fig. 
276.  If  the  instrument,  when  vibrating,  is  placed  about 
a  foot  from  the  ear,  with  the  branches  equidistant,  both 
sounds  will  be  hoard;  for  the  waves  of  sound  combine 
their  effects ;  but  as  it  is  slowly  turned  around,  the  sound 
will  grow  more  and  more  feeble,  until  at  length  a  posi- 
tion will  be  found  in  which  it  will  bo  inaudible.  For.  as 
the  tuning-fork  is  turned,  the  waves  of  sound  interfere,  and 
produce  partial  or  total  silence.  This  may  also  be  illustrated 
by  attaching  a  tuning-fork,  lengthwise,  to  any  rotating  sup- 
port. When  the  fork  is  vibrating,  no  sound  will  be  heard  so 
long  as  it  continues  lo  rotate 

300.  AcottsUo  shadow.— Persons  cut  off  from  ob- 
servation  by  a  wall,  or  other  obstacle,  still  hear  sounds 
^isunctly,  although  with  a  diminished  volume.    Thus  a  bana  oi 


JL00U8TI08.  269 

,  or  nai^boriog  street,  is  readily  followed  in  the 
f«  Iiil«?eniiig  obetaeles,  therefore,  boweYer  opaqoo  to 
1^^  do  not  eMi  pwftot  iliadows  to  sound.  The  sound  is  not  entirely 
MiC  beMBse  the  olwliele  is  elastic,  and  propagates  the  vibrations  it 
I  in  ft  auttUMnr  analogoiu  to  li|^t  passing  through  a  translucent 


V»  a  dlitaBi  obssrrsr,  the  romr  of  a  xaflwaj  train  is  initaatly  hnihed  on 
I  a  taaat^  and  as  saddsnly  ronowod  on  its  emergonoe. 

shadows  are  much  more  distinctly  recognised  when  large 
as  edilloes  or  rooks,  interrene ;  so  large  as  not  to  enter  into 


Ahheu|^  there  is  doI  complete  silence  in  the  acoustic  shadow,  still  it 
haslogoiis  to  the  shadow  of  light,  for  there  is  never  complete  obscurity 
h  the  kttsr  case,  even  when  we  take  the  utmost  precaution,  for  the 
fif^  spreads  behind  the  obstacles  which  arrest  it. 

I5L  Dlatanoe  to  whioh  sound  may  be  propagated. — The  dis- 
tisee  at  which  sounds  are  audible  does  not  admit  of  precise  measure- 
■eot.  In  general,  it  may  be  stated,  that  a  sound  will  be  heard  further, 
dM  greater  its  original  intensity,  and  the  denser  the  medium  in  which 
it  ii  prope^gated.  It  also  depends,  greatly,  on  the  delicacy  of  hearing 
of  different  individuals.  The  intensity  of  sound,  like  that  of  all  forces 
Mtbg  in  lines,  diminishes  in  the  inverse  ratio  of  the  squares  of  the 
diitaDce  of  the  sounding  body.  Thus,  if  the  linear  dimensions  of  a 
Aeitre  be  doubled,  the  volume  of  the  performers'  voices  at  nny  part  of 
tbe  eircumference  will  be  diminished  in  a  fourfold  proportion. 

Tbtt  this  differenee  of  the  agitating  impresBion  \a  the  true  cause,  is  shown  by 
•Htoing  the  air  on  all  sides  in  a  tabe.  Biot  experimented  with  2860  feet  of  the 
fitir-pipes  of  Paris.  At  this  distance  the  lowest  whisper  made  at  one  end  was 
■MDttelj  heard  at  the  other  extremity  of  the  tube. 

A  powerful  human  voice  in  the  open  air,  at  the  ordinary  temperature,  is 
nfiUeat  the  distance  of  seven  hundred  feet.  In  a  frosty  air,  undisturbed  by 
*Mi  or  earrent,  sound  is  heard  at  a  much  greater  distance  with  surprising 
ftMseteesa  Lieut.  Forster,  in  the  third  polar  expedition  of  Capt.  Parry,  held 
i^MSfwiation  with  a  man  across  the  harbor  of  Port  Bo  wen,  a  distance  of  one 
■At quarter  miles.  Dr.  Toung  states,  on  the  authority  of  Derham,  that  the 
WlAvoid  «  all's  well"  has  been  distinctly  heard  from  Old  to  New  Gibraltar,  a 
irtMti  of  ten  miles.  The  marching  of  a  company  of  soldiers  may  be  heard, 
W  a  MQl  ai^t^  at  from  five  hundred  and  eighty  to  eight  hundred  and  thirty 
Itai;  a  sqaadrott  of  cavalry  at  foot  pace,  at  seven  hundred  and  fifty  paces ; 
lH|ii|^  or  galloping,  one  thousand  and  eighty  paces  distant  When  the  air  is 
ihsai  dry,  the  report  of  a  musket  is  audible  at  eight  thousand  paces.  The 
Mas!  sC  the  cannonading  at  Waterloo  was  heard  at  Dover. 

Itaads  travel  fhrther  on  the  earth's  surface  than  through  tbo  atmosphere.  Thus 
Hh  ssU,  that  at  the  siege  of  Antwerp  in  1832,  the  cannonading  was  hoard  in  the 
9km  ef  Sasoay^  which  are  about  three  hundred  and  seventy  miles  distant.    The 
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euinonading  at  the  battle  of  Jena  was  heard  tMthlj  in  the  open  fields  t 
den,  92  miles  distant,  but  in  the  oasemates  of  the  fortifieatioDS  it  was  li 
great  distinctness.  The  noise  of  a  sea  fight  between  the  English  and 
in  1672,  was  heard  at  Shrewsbury,  a  distance  of  two  hundred  mile 
has  been  carried  by  the  atmosphere  to  the  distance  of  three  hundred  : 
five  miles,  as  it  is  asserted,  that  the  rery  riolent  explosions  of  the  i 
St.  Vincent's  have  been  heard  at  Demarara. 

Sir  Stamford  RaiBes  records  however  a  similar,  though  much  mor 
denary,  fact.  The  eruption  in  Tombers,  in  Sumbawa,  was  perhaps 
Tiolent  Toloanio  action  recorded;  occasional  paroxysms  were  heard, 
more  than  nine  hundred  miiee  distant. 

352.  Refleotion  of  sound. — ^When  the  waves  of  air  on  whi 
is  being  borne  impinge,  in  the  course  of  their  expansion,  oi 
surface,  they  will  be  reflected  from  it,  agreeably  to  the  laws  n 
the  impact  of  solid  bodies  (112).  Their  return  is  made  with  eq 
city,  and  under  an  equal  but  opposite  angle  to  that  under  wl 
advanced. 

Let  a  spherical  wave  whose  centre  is  at  S,  fig.  277,  encounter  o) 
plane  surface,  a  0,  separating  two  media  of  different  density,  a  port 
sound  will  be  reflected  as  though  it  emanated  from  277 

the  point  S',  as  far  behind  0  as  S  is  in  front  of  it, 
and  while  a  n  would  have  been  the  surface  of  the 
wave  if  the  reflecting  medium  had  not  intervened, 
a  n'  will  be  the  wave  surface  of  the  reflected  sound. 
Take  any  portion  of  the  incident  wave,  as  5  m,  let 
bp  =  ma,  when  the  surface  of  the  incident  wave 
reaches  a,  a  wave  starting  from  a  new  centre  of  vi- 
bration, ft,  will  have  extended  to  the  circumference 
described  upon  bp  ;  similarly  a  new  vibration  start- 
ing from  c,  will  describe  the  circle  of  which  c^  is 
the  radius.  In  the  same  manner,  vibrations  start- 
ing from  every  point  of  the  line  a  0,  will  make  up 
the  compound  wave  surface  a  n',  whose  centre  is  at 
S',  and  which  is  tangent  to  all  the  wave  surfaces, 
whose  radii  are  c  q,  b  p,  Ae. 

353.  Boho. — An  echo  is  the  repetition  of  a 
sound  reflected  by  a  sufficiently  distant  object, 
so  that  the  reflected  is  not  confounded  with 
the  direct  sound. 

The  ear  cannot  distinguish  one  sound  from  ano- 
ther,  unless  there  is  an  interval  of  one-ninth  of  a 
iecond  between  the  arrival  of  the  two  sounds.     Sounds  must,  therefoi 
each  other  at  an  interval  of  one-ninth  of  a  second,  in  order  to  be 
i^««5' .  *^*  r^^**"*^  ""^  "^^''^  *^^°«  «»«^«»  hundred  and  eight 

ToZLl  ''''*"°'"^  ^^  *  "**'^^'*  *^«  •^^'^d  would  travel  one  hundred  m 

To  have  a  perfect  echo,  therefore,  the  reflecting  surface  m 
least  sixty-two  feet  from  the  sounding  body.     (62  X  2  =  124 
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itence  afc  the  distaDce  of  sixty-two  feet  from  the  reflecting 
i  shall  he&r  the  echo  of  the  last  syllable  only.  If  twice, 
bar  timee  the  distance,  two,  three,  or  four  of  the  syllables 
oed,  the  direct  soands  and  reflected  sound  of  the  other  syl- 
le  sentence,  being  confounded  with  each  other.  If  the  re- 
face  is  at  a  less  distance  from  the  sounding  body  than  sizty- 
le  direct  sound  and  the  reflected  sound  become  confused,  so 
and  tones  cannot  be  heard  distinctly.  The  original  sound 
te  prolonged  and  strengthened ;  an  effect  which  we  express 
iiere  is  resonance.  If  the  distance  is  comparatively  small, 
nmon-sized  room,  the  sounds  reflected  from  the  walls,  the 
the  floor,  reach  the  ear  at  almost  exactly  the  same  time  as 
K>and,  and  the  apparent  power  of  the  voice  is  strengthened, 
^serving  its  delicacy.  Where,  however,  the  apartment  is 
direct  sound  only  partially  coincides  with  the  reflected 
mure  or  less  confusion  arises.  Voices  are  heard  in  a  re- 
onorous  manner,  in  large  apartments  with  hard  walls,  while 
bangings,  carpets,  &c.,  about  a  room,  smother  the  sound, 
ese  are  bad  reflectors.  A  crowded  audience  has  a  similar 
increases  the  difficulty  of  speaking,  by  presenting  surfaces 
J  to  reflection. 

seated  echoes. — Repeated  or  multiplied  echoes,  are  those 
^at  the  same  sound  many  times.  This  happens  when  two 
re  placed  opposite  to  one  another,  as  parallel  walls,  for 
hich  reflect  the  sound  succeAsively. 

ig  and  beautiful  effect  of  echo  is  produced,  in  certain  locali- 
Swiss  mountaineers,  who  contrive  to  sing  their  Ranz  dea 
uch  time,  that  the  reflected  notes  form  an  agreeable  accom- 
to  the  air  itself. 

1  surprising  echo  between  two  bams  at  Belvidere,  Allegheny  county, 
epeatA  eleven  times,  a  word  of  either  one,  two,  or  three  syllables ; 
Q  heard  to  repeat  it  thirteen  times.  By  placing  oneself  in  the  centre, 
two  bams,  a  double  echo  is  heard,  one  in  the  direction  of  each  bam, 
syllable  is  thus  repeated  twenty-two  times. 

ach,  in  Bohemia,  there  is  an  echo  which  repeats  seven  syllables 
;  at  Woodstock,  in  England,  there  is  one  which  repeats  a  sound 
mes  during  the  day,  and  twenty  times  during  the  night.  An  echo  in 
nionetta,  near  Milan,  is  said  to  repeat  a  sharp  sound  thirty  times 

celebrated  echo  among  the  ancients,  was  that  of  the  MetcUi  at  Rome, 
rding  to  tradition,  was  capable  of  repeating  the  first  line  of  the 
taining  fifteen  syllables,  eight  times  distinctly. 

lange  of  tone  by  echo. — Dr.  Chas.  G.  Page  describes  an  echo  in 
nty,  Virginia,  which  gives  three  distinct  reflections,  the  second  echo 
lost  distinct  Twentj  notea  played  upon  a  flute,  are  rotumod  vi\\^ 
'oetf.     Bui  the  moet  aiagnlar  property  of  this  echo  \h,  Ihat  loui^j 
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notes  in  the  scale  are  not  retamed  in  their  places,  but  are  snpp] 
notes,  which  are  either  thirds,  fifths,  or  ootares. 

356.  'Whispering  galleries. — Whispering  galleries  a 
because  a  low  whisper,  uttered  at  one  point  in  them,  m 
distinctly  at  another  and  distant  point,  while  it  is  inaad 
positions. 

Such  galleries  are  always  domed,  or  of  ellipsoidal  shape ;  thi 
that  of  the  ellipsoid  of  revolution.  In  snoh  a  chamber,  whisperic 
is  very  audible  to  a  person  at  the  other  focus,  because  the  unduli 
upon  the  walls,  are  reflected  to  the  point  where  the  hearer  is  p] 
any  other  position,  a  feeble  sound,  or  none  at  all,  will  be  heard,  1 
part  of  the  reflected  sound  will  reach  the  ear  at  one  time.     (See  1 

One  of  the  halls  of  the  museum  of  antiquities,  of  the  Louvr*, 
nishes  an  example  of  such  an  apartment  In  the  dome  of  the  I 
Capitol  at  Washington,  is  a  fine  whispering  gallery.  The  princij 
Merchants'  Exchange,  in  New  York,  is  of  a  similar  character,  a 
time  affords  a  painful  example  of  confused  echoes. 

The  new  Halls  of  Congress,  at  Washington,  and  the  Lectui 
Smithsonian  Institution,  have  been  designed  with  special  referei 
form  for  public  speaking,  and  to  this  end  an  elaborate  series  of  ei 
observations,  upon  the  best  proportions  and  forms  of  public  ha 
undertaken  by  Profs.  Henry  and  Bache,  by  order  of  the  govemm< 
of  which  are  recorded  by  the  former,  in  the  Proceedings  of  the  A 
ciation  for  1856,  p.  119,  and  Smithsonian  Report  for  1856,  p.  221. 

357.  Refraction  of  sound. — Although  sound  is  refli 
surface  of  different  density  from  that  in  which 
it  originates,  the  sound  also  enters  the  second 
medium  by  means  of  new  vibrations  origi- 
nating at  the  interposed  surface. 

We  have  seen  (345,  347)  that  the  velocity  of 
sound  is  not  the  same  in  different  media.  Let  a 
sound-wave  originating  at  S,  fig.  278,  meet  with 
another  medium  in  which  sound  moves  slower  than 
in  the  first,  and  let  a  0  bo  the  surface  of  the  second 
medium.  Let  the  difference  of  velocity  be  such 
that  while  the  new  vibration,  originating  at  6, 
would  advance  to  p',  if  the  medium  were  like  the 
first,  it  can  move  only  to  e  in  the  new  medium : 
it  is  evident  that  if  a  n  be  the  wave  surface  with 
the  velocity  unchanged,  a  N  will  be  the  wave  sur-  \ 

face  with  the  retarded  velocity,  and  the  ray  S  6  \ 

will  enter  the  second  medium  in  the  direction  &  K,  "^ 

more  nearly  perpendicular  to  the  surface  a  0,  than 
its  direction  in  the  first  medium. 

For  a  fuller  discussion  of  the  laws  of  refrac- 
tion, see  the  chapter  on  Optics. 

The  phenomena  of  refraction  of  sound  are  in  ' 

accordance  with  theory.    The  researches  of  Pois- 
lon  and  Green  hare  placed  this  beyond  doubt    Sondhaois  hti 
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Ikiiame  thing  by  the  following  experiment : — A  cell,  a  m  n,  tig.  27'.),  wu.<  foi  inoil 

•f  tiru  films  of  collodion,  united  at  the  edges  bj  a  rim  of  iron.     The  two  films, 

■  and  H,  were  made  sphoricallj  convex,  and  when  inflated,  the  instrument  took 

tbe  form  of  a  lena,  like 

ikoM  employed  in  opti- 

ctl  flxperiraent*.      Thit 

qiptratu  was  filled  with 

Miboiie    acid    gaa,   by 

■MBS  of  an  opening  at 

c  Ha  placed  a  watoh  at 

8^  ii  the  axis  of  the  lena 

tbils  in  the   line  Br 

which   pastea    throngh 

Ihi  ccitrefl  of  the  two 

nr&CM  M  and  m.  When 

m  ohssnrer  placed  hiB 

Mr  M  the  opposite  »ide  in  the  axis  of  the  lens,  the  ticking  of  the  watch  was 

liitiiietly  heard,  if  at  a  proper  distance  from  the  lens :   this   distance  was 

km  in  proportion  as  the  watch  was  farther  removed.     If  the  lens  was  raised 

IF^  tte  sonnd  ceased  to  be  heard ;   and  the  result  was  the  same  if  the  ear 

WH  raaoTed  from  the  axis  S  r.     Having  replaced  the  watch  by  an  organ-pi))C, 

hiriBf  an  opening  like  a  Ante,  instead  of  the  ear  he  employed  the  bent  tube 

/c^harii^  gold-beater's  skin  extended  over  the  opening  <?,  and  fine  sand  pluced 

^ot  it    When  this  apparatus  occupied  the  positions  in  which  the  ear  heard 

ths  M»ud  of  the  watch,  the  sand  was  agitated  ;  but  on  removing  the  lens  the 

•ind  remained  at  rest. 

Toeomprehend  how  these  ex}Kirimeuts  demonstrate  the  refraction  of  sound, 
vamait  refer  to  the  principles  of  optics,  in  which  multiplied  experimonU*  hnvo 
R&dcred  the  explanation  very  complete,  and  easy  to  be  understood. 

358.  The  speakiDg-tnimpet  is  an  instrument  employed  to  convey 
the  roice  tu  a  great  distance.  This  instrument  consists  of  a  conical 
"ibe  0  P,  fig.  280,  terminated  by  a  bell-shaped  extremity,  P.  At  0 
M  a  mouth-piece  which  surrounds  the  lips  without  interfering  with 
tlieir  movements.     The  trumpet,  it  is  said  bj  history,  was  used  by 


Alfimder  the  Great  for  commanding  his  army.  At  the  present  day 
it  i*  employed  at  sea  to  cause  the  voice  of  the  commander  to  be  heard 
ibore  the  roar  of  the  winds  and  waves.  On  land  it  is  used  by  firemen. 
To  etplain  the  angmentation  of  sound  by  the  trumpet,  it  was  formerly  sup- 
f^^  that  the  sonnd  was  reflected  by  the  sides  of  the  tnimpet,  so  that  the  vihra- 
'^  innsd  In  the  direction  of  tbe  axis  of  the  instrument,  and  thai  \\i\ft  «^q<^V 
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wa!*  also  ui<U'd  l»y  the  vibration  of  the  walls  of  the  iDstrumcnt  it«lf.  It  iM 
shown  hy  Lamheri  in  ITO^l  that  tho  vihrution  of  tho  instrumoitt  teniled  to  nrndrt 
artioulrtto  sounds  (Mnl'iisod. 

Tho  t'xplaniitioQ  by  ruflcution  of  the  rnys  of  sound  is  in:iilini$'.«ible.    In  reilitj 
the  form  of  the  extremity  has  considerable  intluenco,  but  ou  the  theory  of  refl«*- 
tion  it  should  be  without  eflfuot.    On  tho  contrary,  the  conical  form  chouldbeall 
important,  but  Ilasscnfratz  has  shown  that  a  cylindrical  tu)>e,  with  a  bell-sh^ied 
extremity,  strengthens  the  ^ound  as  much  as  a  conical  tube.     In  fact,  wbentlie 
interior  of  tho  trum{vet  is  lined  with  cloth,  so  that  the  reflection  mu«t  be  Tcry 
feeble  or  almost  null,  the  intensity  of  the  sound  transmitted  remains  unehuDged. 
Wo  may  add  that  the  Hound  transmitted  through  a  spoaking-trumpet  is  increaiedi 
not  merely  in  the  direction  to  which  it  is  pointed,  but  in  crory  direction,  whethr 
the  extremity  is  bell-shaped  or  otherwise.    The  efficacy  of  the  trumpet  U,  then* 
fore,  not  due  to  the  reflection  of  sound  from  its  walls,  but  simply,  as  stated b? 
Uassenfratx,  to  tho  greater  intensity  of  tho  pulsations  produced  in  the  coIafltB 
of  confined  air  which  vibrates  in  unison  with  the  voire  at  the  month-pieec    K 
considerable  effect  is  produced  by  the  bell-shaped  extremity  of  the  trumpet,  l«t 
tho  nature  of  this  influence  has  not  been  satisfactorily  explained. 

.'J59.  Ear-trumpet. — The  hearing-trumpet,   fig.  281,   intended  to 
assist  persons  hard  of  hearing,  is  in  form  and  application  the 
of  tho  speaking-trumpet,  although  in  principle  the  same.     It 
of  a  conical  tube,  turned  in  any  281 

convenient  direction,  so  that  the 
opening,  o,  may  enter  the  car. 
The  strengthening  of  the  sound 
by  this  instrument  was  formerly 
attributed  to  reflection  of  sonorous  waves  caused  to  converge  to  the 
car,  and  it  was  sought  to  obtain  the  form  most  favorable  to  fulfill  thi« 
condition ;  thus  the  cone  was  replaced  by  a  paraboloid,  linving  it« 
focus  at  the  point  o.  But  these  different  forms  have  nu  effect  upon  the 
result.  Moreover,  the  nature  of  the  walls,  and  the  condition  of  the 
interior  surface,  whether  rough  or  polished,  or  lined  with  cloth,  has  no 
effect  upon  the  intensity  of  the  sound.  The  only  essential  conditioD  is 
that  the  exterior  opening  should  be  greater  than  that  which  enters  the 
ear.  The  effect  of  the  ear-trumpet  is  explained  as  follows: — The  por- 
tions of  compressed  or  dilated  air,  which  arrive  at  the  exterior  opening* 
transmit  their  compression  or  dilatation  to  portions  of  air  smaller  and 
smaller,  and  consequently  transmit  it  with  increasing  intensity.  In 
this  manner  the  portion  of  air  at  o  receives  and  transmits  to  the  mem- 
brane of  the  tympanum  a  compression  or  dilatation  of  much  greater 
intensity  than  in  the  absence  of  the  instrument.  Holding  the  hand 
concave  behind  the  ear,  as  deaf  persons  are  seen  to  do,  concentrates 
sound  in  the  manner  of  an  ear-trumpet.  The  form  of  the  external  ear 
in  animals  favors  the  collection  of  sound. 

360.  The  siren. — This  ingenious  instrument  was  invented  by  M. 
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(Vgniard  de  Latour,  for  the  purpose  of  ascertaining  the  number  of 
w'brAtioDs  of  a  sonorous  body,  corresponding  to  any  proposed  musical 
waad. 

Hg.  1st  shows  the  sinn  mouited  on  a  wind  chest,  E,  designed  to  supply  a 
of  air.    Figi.  283,  284,  snow  the  interior  details  of  the  apparatus.    The 
282  283  284 


rfna  la  ooBf  tmeted  entirely  of  brass.  It  consists  of  a  tube,  0,  about  four  inches  , 
in  diameter,  terminating  in  a  smooth  circular  plate,  B,  fig.  284,  which  contains, 
at  regular  intervals  near  its  circumference,  small  holes,  which  are  pierced  through 
the  plate  in  an  oblique  direction.  Another  plate,  A,  turning  very  easily  upon 
its  axis,  is  placed  as  near  as  possible  to  6,  without  being  in  contact  with  it.  Thid 
plate  is  pierced  with  the  same  number  of  oblique  orifices  as  those  in  the  plate, 
B,  hot  inclined  in  an  nppAaite  direction,  as  shown  in  fig.  283,  n,  A ;  m,  B. 

When  a  cnrrent  of  air  arrives  from  the  bellows,  it  passes  through  the  holes 
of  the  first  plate,  and  imparts  a  rotary  movement  to  the  second  plnte,  in  the 
direction  n.  A,  fig.  283.  As  the  upper  plate  revolves,  the  current  of  air  is  alter- 
nately cat  oif,  and  renewed  rapidly  by  the  constantly  changing  potiition  of  the 
holes.  In  conseqnence  of  this  interruption,  when  the  plate  A  moves  with  a 
■niform  Telocity,  a  series  of  pufls  of  wind  will  escape  at  equal  intervals  of  time. 
These  paffs  will  produce  undulations  in  the  air  surrounding  the  instrument,  and 
when  the  wheel  revolves  with  sufficient  rapidity,  a  musical  sound  is  produced, 
whieh  increases  in  acuteness  as  the  velocity  of  the  wheel  becomes  greater. 

A  counter  (like  that  on  a  gas  meter)  is  connected  with  the  upper  plate,  by 
whieh  the  namber  of  revolutions  is  indicated.  PrcHsurc  upon  the  buttons,  C  D, 
tg.  284,  causes  the  toothed  wheels  to  be  set  in  communication  with  the  endless 
•crew^  upon  the  spindle,  T.  The  revolution  of  these  whcelit  is  recorded  by  the 
motion  of  the  hands  upon  the  dials  in  fig.  2S2.  To  determine  the  number  of 
vibrations  corresponding  to  a  given  sound,  a  blast  of  wind  is  forced  from  the 
betlows  into  the  siren,  until  it  gives  a  corresponding  note.  The  hands  on  the 
dials  being  brought  to  their  respective  zeros  at  the  commencement  of  the 
•zpcriment,  their  position,  at  the  end  of  tuaj  known  interval,  wWV  ind\ca\«  ^^ 
S6* 
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nnmber  of  puffs  of  air  which  have  escaped  from  the  reTolring  plate,  and  wiD^ 
consequently,  determine  the  number  of  nndalations  of  the  air  which  eomspoai 
to  the  sound  produced. 

The  siren,  with  equal  velocity,  gives  the  same  sound,  excepting  the  timVit,  ii 
the  different  gases,  and  in  water,  as  it  does  in  air,  which  proves,  that  the  ht^ 
of  any  sound  depends  on  the  number  of  vibAtions,  and  not  on  the  natnttf 
the  sonorous  body. 

361.  8avart*8  toothed  wheel. — Sayart  has  emplojed  another 
apparatus  to  count  the  Dumber  of  vibrations  corresponding  to  any 
proposed  pitch. 

It  consists,  fig.  285,  of  a  toothed  wheel,  D,  to  be  revolved  as  regularly  as  poi- 
sible,  by  means  of  the  wheel  R,  and  endless  band  r.     The  toothed  wbeil,  D, 

286 


rovolving  rapidly,  makes  the  tongue,  C,  vibrate,  producing  in  the  air  oon«- 
tiponding  undulations,  the  effect  of  which  is  a  musical  sound.  As  the  tongot  ii 
struck  on  the  passage  of  each  tooth,  the  nnmber  of  vibrations  in  a  second  will 
correspond  with  the  number  of  teeth  which  have  struck  the  tongae  in  the  saoM 
time.  This  is  learned  from  the  dial  plate,  0,  which  indicates  the  number  of 
revolutions  of  the  axis,  and  multiplying  this  by  the  number  of  teeth,  we  havs 
the  whole  number  of  vibrations  in  a  given  time.  Upon  revolving  the  wh«d 
slowly,  we  may  hear  the  successive  shocks  of  the  teeth  against  the  tongue,  and 
as  we  increase  the  velocity,  wo  obtain  a  more  and  more  elev^ed  sound. 

362.  Music  halla. — Music  halls,  theatres,  &c.,  should  be  so  con- 
structed as  to  convey  the  sounds  that  are  uttered,  throughout  the  space 
occupied  by  the  audience,  unimpaired  by  any  echo  or  conflicting  sound. 
On  theoretical  grounds,  the  best  form  for  the  walls  would  be  that  of  a 
parabola.  Ornaments,  pillars,  alcoves,  vaulted  ceilings,  all  needless 
hollow  and  piojecting  spaces,  break  up  and  destroy  the  echoes,  and 
resonances.  The  height  of  a  room  for  public  speaking  should  be  not 
more  than  from  thirty  to  thirty-five  feet ;  for  at  this  point,  called  the 
limit  of  perceptibility,  the  reflection  and  the  voice  will  blend  together 
well,  and  thus  strengthen  the  voice  of  the  speaker ;  if  it  is  higher  than 
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tkii,  the  direct  sound  and  the  echo  will  begin  to  be  heard  separately^ 
tod  produce  indistinctness. 

i  2.  Physical  Theory  of  Music. 

363.  Qualities  of  musical  sounds. — Musical  sound  is  the  result 
cf  eqoal  atmospheric  Tibrations,  conveying  to  the  ear  tones  of  definite 
and  appreciable  pitch.  The  ear  distinguishes  three  particular  qualities 
n  sound.  1.  The  tone  or  pitch,  in  virtue  of  which  sounds  are  high  or 
low.  2.  The  intensity,  in  virtue  of  which  they  are  loud  or  soft ;  and 
^qwiliiif  or  timbre,  in  virtue  of  which  sounds  of  the  same  intensity 
and  pitch  are  relatively  distinguishable. 

L  Tone  or  pitch. — ^The  tone  or  pitch  of  a  musical  sound  is  high  or 
^.  It  depends  on  the  rapidity  of  the  vibratory  movement.  The  more 
rapid  the  vibrations  are,  the  more  acute  will  be  the  sound. 

2.  Intensity  or  loudness. — The  intensity,  or  force  of  sound,  de- 
pends on  the  amplitade  of  the  oscillations ;  that  is,  upon  the  degree  of 
oofideDBstion  produced  at  the  middle  of  the  sonorous  wave. 

A  sound  may  maintain  the  same  pitch,  and  yet  possess  greater  or 
less  tntensityy  aooerding  as  the  amplitude  of  the  oscillations  varies. 

Tku,  if  m  vfbntte  a  tense  eord,  the  intensity  or  londness  of  the  tone  will 
▼iij,  u  the  distanee  which  the  vibrating  parts  pass  en  each  side  of  the  line  of 

3.  Qoality. — Quality  is  that  peculiarity  in  sound  which  allows  us  to 
distinguish,  perfectly,  between  sounds  of  the  same  pitch,  and  the  same 
intensity. 

Thot,  the  lonnda  produced  by  the  Ante  and  clarionet  are  at  nncc  dititinguish- 
>U«.  The  quality  of  the  nound  of  instruments  appears  to  depend  not  only 
«B  the  nature  of  the  sonorous  body,  and  the  surrounding  bodies  set  in  vibration 
^  it,  Imt  also  on  the  form  and  material  of  the  instrument ;  and  probably,  also, 
M  tht  form  of  the  curve  of  vibration. 

364.  Unison. — Sounds  produced  by  the  same  number  of  vibrations 
per  second,  are  said  to  be  in  unison. 

Thm,  the  siren  (360)  and  Savart's  wheel  (361)  are  in  unison  when  we  cause 
thai  to  make  the  same  number  of  vibrations  in  the  same  time. 

365.  Melody. — Harmony. — When  the  vibrations  of  a  progressive 
Kries  of  single  musical  sounds  bear  to  each  other  such  simple  relations 
aa  are  readily  perceived  by  the  ear,  an  agreeable  impression  is  pro- 
duced, called  melody.  When  two  or  more  sounds,  having  to  each  other 
■Kh  simple  relations,  are  produced  simultaneously,  it  is  called  a  chord, 
>nd  a  succession  of  chords^  succeeding  each  other  in  melodious  order, 
^Aatitotcf  harmony. 

If  we  take  a  series  of  sounds,  the  ratios  of  whose  vibrations  are  as 
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the  fullowhiii  rjuDibers— 1  :  2  :  3  i  4  ;  6  t  6  ■  7  :  8  :  9  :  10— wtt 
iintci^  vvhuli  Will  produce  a  series  of  chordsj  which,  conimeTicin|i 
the  most  fluii|»le,  will  graduallj  becfime  lutire  and  more  ctinaplki^ 
until  the  t^iir  I'uii  tiu  lunger  perceive  iheir  relations  ;  when  thiji  fMiati 
ri?,ifbe(it  the  J  \^ill  eea^e  io  produce  chords  and  harmotij* 

In  suunds  whose  Tibratione  bear  to  eoch  other  the  rdatifiwi 
1  :  2  :  4  ;  8  s  16,  every  Tibratlau  ei pressed  by  the  lower  DtimbeiKi 
respniidit  with  sunllar  vjbratbns  in  the  higher  sen««.  The  iow 
bt'Lwi-cn  huth  ^oand»  is  vorj  gr^at,  and  is  called  an  odatie^  bfiu 
tidier  ^lundi^  having  simple  ri^dations  inaj  be  so  placed  betweea  1  «iu 
or  4  aud  H.  as  to  form  with  the  two  extremes  a  «eriea  of  eight  MS 
havinj^  ai^reeable  relatione  to  each  uiher. 

¥\g.  2S&  n?|4ru!«nL«  the  relBtiona 
of  Hueb  Icriie.s  ns  prorlu'C??  the  most 
pU*flnmg  ciri?cli!  wbcQ  Bounded  to- 
gotbcr.  Tbo  dty\A  represent  vxbra-  OotnTB 
tioikS  ;  aud  Lhuac  wbidh  oei^at  fiimul-  3  :  1 
taTJc'iju^iy,  Hni.1  iheroffjro  inpr-i2W>© 
i-n.'-'U  ntbtrr^'  jiower*,  are  coDDcetcrt 
Kv  vertical  Ums.     Oa  Ibis  left  of  thti  Fifth 
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MT.  Tte  ■oncmtw  or  OMmoohord. — ^This  instrnment  is  used  to 
il^f  Qm  tnuufWM  Tibralkms  of  oordt ;  and  b j  it  we  asoertain  the 
idb&Ri  beiwaeu  tho  dilEBfeiit  notes  of  the  mneical  soale,  and,  with  the 
ail  rf  tfie  nm  (360),  the  number  of  Tibrations  by  which  they  ak« 

MlpMBTelj  plOwllMda 

ilvfi  a  •■■•  of  ttin  wood|  a  acndy  or  metellio  wire,  A  D,  Ib  itrvtchod  oTer  the 
pA|f  %  ^  tho  woighti  P,  on  the  pan  «,  fig.  287.    The  morablo  bridge,  B,  can 
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kplMed  at  May  desired  point;  and  for  convenience  of  adjustment,  the  scale  is 
airked  off  beneath  the  wire,  commencing  with  C.  The  string,  A  D,  when 
Tibnting  its  whole  length,  prodaoes  the  note  C ;  in  order  to  produce  the  note  D, 
the  movahle  bridge,  B,  mast  he  advanced  toward  the  fixed  bridge  J),  until  the 
kegth  of  the  cord  is  but  eight>ninths  of  that  which  produces  the  note  C.  Pro- 
ceeding in  the  same  manner  for  the  other  notes,  it  will  be  found,  that  the  length 
•f  tbe  eord  corresponding  to  each  note  is  represented  by  the  following  fractions : 

Notes, GDEFGABG'' 

Relative  length  of  oord,  •l|i}ifAi 

Cootinaing  to  move  the  bridge  on  the  sonometer,  it  will  he  fonnd,  that  the 
•fbtii  sound,  the  octave,  is  prodnoed  by  a  length  of  cord  half  that  of  the  funda- 
antil  sound.  Upon  this  note,  an  octave  higher  than  the  fundamental  note,  wo 
■qr  eoDstmct  a  scale,  each  note  of  which  is  produced  by  the  vibration  of  a  cord 
^  as  long  as  the  same  note  in  the  preceding  gamut  In  the  same  manner  we 
■qr  liave  also  a  third  and  a  fourth  scale. 

3d8.  Relative  nnmber  of  vibrationa  correaponding  to  each 
Bote.— In  order  to  ascertain  the  relatire  number  of  yibrations  correa- 
pOBdbg  to  each  note  in  the  same  time,  it  is  suflBcient  to  invert  the 
'netkms  of  the  preceding  table.  For  by  the  principles  already  esta- 
bUied  (309),  the  nnmber  of  Tibrations  is  in  inverse  ratio  of  the  length 
of  the  string.  Representing,  therefore,  the  number  of  yibrations  cor- 
'Xpooding  to  the  fundamental  note  C,  by  1,  proceeding  as  above,  we 
^  the  following  table : 

Ndes. GDEFQABCK 

Uaftite  nnmber  of  yibrations,       liiliiV^ 
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Wliii'li  iiilii  jiit's  iJiJif  io  prnduciiig  tbe  Dale  D,  nine  vibTa(iut5*4T*B 
in  the  saju^  time  tlwit  eS^ht  are  nmde  by  ibe  fuDdaiuental  Dfll*C» 
when  tJie  note  K  In  stiunded,  five  Yibmtiona  are  made  far  fouTufCtI 
B,  fi!  leeu  to  ci|^bi  al'  C,  &<*. 

ti5'.>.  AbaolutG  number  of  vibrations  correapondlag  toi 
note.^By  fsftUnjf  tbe  sir^n^  of  Savart's  wbeel,  in  uhl^oq  liiiUig 
»uund,  we  iJitain  tbe  abaoiute  number  of  TibrationH  corre^pi 
it.  If  we  ^et  tbe  ^iren  in  unison  with  the  fundametital  C*  la  ^ 
obtain  tbe  rjumber  of  n  brat  ions  corresponding  to  the  Either  oirtei,  rifl 
wo  bsive  Imt  t^j  multiply  it  l>y  tbe  fracibn  |,  &c»  But  tbe  fund 
C  viirie.^  with  tb^  nature^  leitgth,  and  tension  of  the  cord  of  tlii*  i 
iiiettir^  and  tbe  re  fore  the  nil  m  Mr  of  ?ibrattonfi  may  be  reprettflt 
an  infinite  vnrii^y  of  numbers,  ciirrcsponding  to  tbe  difTerent  i 
The  notes  itf  tbe  ^eiiie  wbiise  gamut  eorrespoudii  to  the  graTesti 
ttio  hns^,  are  i  nd  iv.ated  by  L  To  notes  of  gamuts  more  elerated,  amlH 
the  indit:e«  2,  3,  kc. ;  U*  graver  miles  ure  affixed  the  mdic€«  —  1,  — 
&c.  Tbe  number  of  B]m|jle  vibrations  corresponding  to  the  noteCt 
128,  and  in  order  to  obtain  tbe  number  of  vibration  a  corr^poodug 
tbt>  tjther  noXe^,  we  have  but  bo  multiply  tbia  number  by  tbe  frtctia 
indiciited  in  (368]^  wbiub  gives  the  following  table: 

Notei,        .        .        ,        ,       C       D      E       F        G       A      B 

Absolute  number  of  simple 

vibrations,       ,        ,         ,     128    144    160    ITOf    192   213^  Ml 

Tbe  nbs^dute  number  of  vibrations  for  the  superior  gamut,  ia  obtin 

by  multiplying  the  numbers  in  the  table  sucoesaively,  by  2,  by  3,  bf 

gamut,  we  divide  the  eume  nutobers  bj  2,  by4t  J 
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%^ 

^W  ^^«  pri>«'o?s  ailupt^fd  fur  preserving  and  transmitting  the  true  pitch  of  the 
^vr^*^«ineiiful  note.  The  final  tuning  of  the  diapason  is  done  by  the  file,  and 
%^  **I5  a  diapiisou  heats  it;  at  the  moment  it  is  in  tune  with  the  standard  it  is 
^^^*  heated,  and  when  it  afterwards  cools  the  tone  rises.     When  this  second 

^K^^PKoo  is  used  for  tuning,  there  is  another  similar  rise,  and  so  it  continues. 

^^^  gradual  elevation  of  pitch  becomes  quite  sensible  alter  the  lapse  of  oue  or 

^^'•generations.     (Am.  Jour.  Set  [2]  xx.  262.) 

_  ^0.  Length  of  BonorooB  "wavefl. — It  is  easy  to  ascertain  the  length 
-  a  sonorous  vibration,  if  we  know  the  number  of  vibrations  made  in  a 
nd.    For,  as  sound  travels  at  the  rate  of  1118  feet  per  second,  if 

^«t  one  Tibration  is  made  in  that  time,  the  length  of  the  wave  must  be 

lll8  feet;  if  two  vibrations,  the  length  of  each  must  be  half  of  1118, 

^559  feet,  Ac. 

C  eomsponds,  m  we  bare  seen,  to  128  vibrations  per  second;  the  length  of 
Hi  WAves  is,  U&erefore,  (1118  -f-  128)  =  8*73  feet 

The  following  table  indicates  the  length  of  the  waves  corresponding  to  the 
C  of  sueoeMive  scales  : 

Leaffth  of  wares  In  Ibet       Nomber  of  Tlbrntions  In  a  ssooiid. 

C_, 70-  1« 

C_, «5-  32 

C.I 17-5  64 

Ci  8-73 128 

C,  4-376 256 

C,  2187  . 612 

C«  low 1024 

371.  Interval. — Interval  is  the  numerical  relation  existing  between 
the  number  of  vibrations  made  in  the  same  time  by  two  sounds,  or  it  ii 
that  which  indicates  how  much  one  sound  is  higher  than  another. 

Musical  intervalH  are  named  from  the  position  of  the  higher  note 
counting  upwards  from  the  lower. 

C,  D,  E,    F,    G,    A,    B,  C^  IK,    E^    F^     GK,    A^    B^    C^^ 

1.   I.    I    i,     J.     i     V,   2,    V,     y,      I,       I,      y,     Y      ^' 

let,  2d,  3d.  4th,  5th,  6th,  7th,  8th,  9th,  10th,  11th,  12th,  13th,  14th  15th 

f,  V.  il  I    ?,    f.    f !.   I,    y,    ff,     s.     y,     I.     I,. 

In  the  above  table  are  pren,  1st,  the  letters  by  whi«h  loeeestire  tot«  ^n 
designated  ;  2d,  the  relative  nambers  of  their  vibrations  as  compared  wiia  lU 
lowest  note ;  3d,  the  names  of  the  notes  as  compared  with  the  fint  -  tmd  [mtuj 
the  intervals  obtained  by  dividing  each  note  by  that  which  immedUUT  inrjLul 
it.  It  will  be  seen  that  there  are  bat  three  different  iaterralj  fc^w«a  wZT 
•ive  notes  of  the  scale ;  vi*.  |,  which  rbeing  the  Urgm  int^rrai  p,^  -^  .^ 
scale)  is  called  a  major  tome,  If  called  a  mimor  Umt,  «4  J«  ^^  j  ••^JT 
•r«.fo»«,  though  it  is  greater  than  one-half  of  the  iaterval  i  «ju*r  V  ik^  «w 
tones.  This  last  is  also  cDed  a  diair^U  «.V....  v,  ^..x^s'^Z. 
divisions  made  for  particular  pnrpoeee.  TU  difmw*  wl^  a  J^"!^ 
and  a  minor  tone  is  ^  of  a  Bi^  loae,  aa4  is  ^ 
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Comparing  the  notes  of  the  natnnd  f  oale  two  and  two,  wo  obtain  a  mi 
9f  intervals  named  as  in  the  following : — 


TABLB  OP  MU8I0XL  INTKBVAL8. 

^D  —  FG  —  AB  — 

I ;  migor  tone. 

DB  —  GA  — 

y  »  If  of  1 ;  minor  tone. 

El  —BC  — 

\\^\\^t\\^i\\^^^^ 

(one. 

CB  «  FA  «  GB  — 

f ;  major  third. 

BO— AC  — BD'  — 

|»  {|of  f;  minor  third. 

DF- 

f  offf»ffof|tofi;{! 

minor  third. 

CF  —  DG  — BA  —  GC'- 

|;  fourth. 

AD'^- 

1  «=  |i  of  1 ;  sharp  fourth. 
J{  =  ffof|JofJ;|fiofpe 

FB  — 

fourth. 

CG  —  BB  — FC  — GD'  — AE' 

—  } ;  fifth. 

DA  — 

f  =  fyoff;  fjofaperfcct 

BF'  — 

i ;  an  inharmonious  interval. 

CA  —DB  — FD'  =  GB'  — 

;  sixth. 

AF'==BG'  — 

[  =  11  of  J  ;  minor  sixth. 

FD'  = 

1 ;  an  inharmonious  interval. 

C  B  =  F  B'  = 

V  ;  seventh,  an  inharmonious  i 

^val. 

DC— GF'  — BA'  — 

y  ;  flattened  seventh,  JJ  of  \ 

cidedl  J  more  harmonious  thi 

seventh.* 

ED'  =  AG'  — 

1  e=  II  of  y  ;  minor  seventi 

CC  = 

f ;  octave. 

372.  Compound  chords. — Perfect  concord. — It  is  evidently 
to  take  three  or  four  notes  whose  vibrations  have  simple  relatioi 
each  other,  and  which  taken  two  and  two  produce  a  sensation  of 
mony.     Such  combinations  are  called  compound  chords. 

If  we  take  the  three  notes  C,  £,  G,  whose  vibrations  are  to 
other  as  the  numbers  4,  5,  6,  compared  two  and  two  they  giv 
relations  |,  },  f,  which  constitute  by  their  union  three  barmo 
intervals  called  the  perfect  major  accord.  If  we  take  the  three 
E,  G,  B,  which  compared  two  and  two  give  the  relations  f ,  f ,  f ,  wt 
It  differs  from  the  preceding  only  in  the  order  of  the  intervals, 
series  is  called  the  perfect  minor  accord, 

373.  A  new  musical  scale. — By  examining  the  preceding  pa 
will  be  seen  that  the  relative  number  of  vibrations,  and  the  inU. 
between  different  notes  in  the  common  musical  scale,  are  mad 
entirely  of  combinations  formed  from  the  three  prime  numbers  2, 
and  it  has  been  generally  stated  that  relations  founded  upon  the  ] 

*  The  ratio  \  is  claimed  to  belong  to  natural  musio ;  see  section  (378 


Aoovmcw. 
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witoo  oomp&Aled  to  be  Appreoifttad  by  the  eer,  or  to  be  ezecatod 
«r  bj  tbe  voioe  or  by  inatnimento.  Bat  the  nee  of  the  prime  seTentb 
Niie  hai  been  reeently  pointed  out  by  H.  W.  Poole,  Esq.,  of  Wor 

lUvljinf  th«  nUiof  of  th*  ordinary  foalo  by  48,  we  haro  the  >- 

TBIPLa  DIATOnO  80AUI. 

{Wiik  Common  Okordcn  0,  O,  €md  F.) 
C,        B,        S,        F,        G,        A,        B,        C. 
48,       H       00,       64»       7%       80,       90,        98. 

atiodmOng  tho  prime  7,  Mr.  Poole  obtains  » leries  whioh  he  oallfl  the:— 

DOUBUI  DIATOnO  tOAUi. 

(  With  Oowmom  Okord  on  O,  and  Chord  of  7  and  9  on  O,) 
C,        D,        B,        (P),        O,        (A),        B,        C. 
48,       64,       00,        83,  73,         81,        90,        90. 

defence  of  this  introdaotion  of  the  prime  7  in  musical  composition,  it  is 
Mi  that  it  is  required  to  fill  up  the  series  1  to  10  (885),  as  all  the  other 
m  np  to  ten  are  unirersally  admitted.  It  is  ftirther  claimed  that  it  is  of 
iot  use  by  such  masters  as  Haydn,  in  the  "  Dead  March  of  Saul,"  Mosart, 
)  » 0  dolee  Coneento,"  and  that  it  also  occurs  in  the  compositions  of 
u. 

lay  also  be  mentioned  that  the  Chinese,  in  their  musical  scale,  employ  the 
reotbs  instead  of  the  notes  in  use  with  us,  which  ipres  G  to  B  as  73  to  84 
>  7,  and  B  to  C  as  84  to  98  or  7  to  8,  the  Tory  harmony  contended  for. 
following  example  of  harmonies,  rising  through  the  entire  series  from 
),  is  taken  from  tho  essay  of  ICr.  Poole. 


Fg^ls^g: 


S 


QZ 


<g  ■ 


-^ 


IS 


M 


ZSSl 


-^ 


BeaolQtion 


•  we  hare  a  teries  of  harmonies  beginning  with  the  common  chord  C,  E, 
^  1^  and  rising  in  the  last  example  to  the  full  chord  of  the  10th,  all  of 
sen  be  appreciated,  and  are  capable  of  giving  a  pleasing  effect  on  an 
■•Dt  of  perfect  intonation.  The  full  chord  of  the  10th  contains  the  fol« 
( svias  of  ribralaons  and  intenrals : — 


•  Ab.  Jov.  8eL  [S],  UL,  p.  88;  also  Math.  Monthly,  IL»p.ll. 
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E.   10 


10 


C.     8 


Bt).  7 


MlKOB  T05I. 

Major  Ton. 

EXTBXDID 
SBC05D  (?) 
DiXIXISBIU 

Third  (?) 
MlMOR  Tuu. 

Major  Tno. 

Fousn. 

Firra. 

OCTATR. 


374.  Transposition. — Any  toDO  of  the  common  scale,  or  any  pitob 
whatever,  may  be  taken  as  the  basis  of  another  similar  scale,  pnmdid 
the  same  relative  intervals  are  preserved  between  the  successive  notM. 
Such  change  is  called  transposUum  of  the  scale.    If  such  a  change  of 
pitch  is  made  on  an  instrument  tuned  to  play  the  natural  scale,  idffi- 
tional  notes  must  be  provided  in  one  or  more  of  the  intervals  alreidy 
described.     Such  additional  notes  are  called  sharpg  (^)  otfati  (b), 
according  as  the  tone  corresponding  to  any  given  note  is  raised  or 
lowered.    When  new  notes  are  interpolated  in  every  m%jor  and  nuMV 
tone  of  the  natural  scale,  there  are  obtained  twelve  intervals  in  tin 
octave,  and  the  series  thus  formed  is  called  the  chromatic  scale. 

When  the  diatonic  semitone,  f  f ,  is  taken  from  the  major  tone,  f ,  tiit 
remaining  interval  is  called  a  chromatic  aemiione.  When  the  diatoue 
semitone  is  taken  from  the  minor  tone,  </,  the  interval  which  rantins 
is  called  the  grave  chromatic  semitone, 

375.  Temperament. — In  transposing  the  scale,  so  as  to  oommeoee 
on  any  note  of  the  natural  gamut,  it  is  supposed,  in  theory,  that  eveiy 
note  may  be  raised  or  lowered  through  an  interval  of  a  diatonic  semi- 
tone, jj.  This  would  involve  the  addition  of  an  inconvenient  number 
of  new  notes ;  therefore,  in  the  construction  of  musical  instruments,  it 
is  assumed  that  such  notes  as  Cff  and  D()  are  identical,  though  they 
are  not  strictly  the  same,  and  are  not  played  alike  on  a  violin  or  barp^ 
in  the  hands  of  a  skillful  performer. 

Temperament  is  a  device  by  which  the  multiplication  of  notes  beyond 
convenient  limits  is  avoided.  For  practical  purposes,  organs,  piano> 
fortes,  and  other  instruments,  are  so  tuned  as  to  divide  the  octave  into 
12  equal  intervals,  caWed  chromatic  semitonet,  ^  %f(v^«l  ^mperameoL 
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h  this  fljstem,  all  the  musical  intervals  employed,  except  the  octaves, 
dffer  more  or  less  from  their  true  value,  as  given  by  theory,  and  as 
defflanded  by  the  cultivated  ear. 

True  value.      Talue  in  equal  tempemnent 

Minor  semitone,  |f  =  1-042,  |   » 

Major  semitone,  H  =  1067,  \  y^  =  ^'^^' 
Minor  third,  f  =  1-200,      ^^1189. 

Migor  third,  J  =  1-250,      l/2*  =  1-260 

Fiah,  }  =  1-500,      v^2n=  1-498. 

It  ifl  here  seen  that  the  minor  semitones  and  major  thirds  are  all  too 
riitrp,  while  the  major  semitone,  minor  third,  and  the  fifths  are  all  too 
U 

Messrs.  H.  W.  Poole  and  J.  Alley  have  invented  an  organ,  on  vfhioh 
every  musical  interval  can  be  correctly  given  vf  ithont  tempering ;  and 
the  perfect  musical  scale  can  be  performed  in  as  many  different  keys  as 
Bay  be  desired.    (Am.  Jour.  Sci.  [2],  Vol.  IX.,  p.  68.) 

Tbe  sulgect  of  temperament  in  all  its  relations  is  too  extensive  to  be 
treated  in  this  work,  and  we  must  refer  the  reader  to  musical  treatises 
ftr  farther  information. 

376.  Beating. — When  two  sounds  are  produced  at  the  same  time, 
wUch  are  not  in  unison,  alternations  of  strength  and  feebleness  are 
baud,  which  sucoeed  each  other  at  regular  intervals. 

This  phenomenon,  called  beating,  discovered  by  Savarty  is  easily  explained. 
Svppofling    that    tbe    number   of   vibrations   of  388 

cbe  two  sounds  was  30  and  31 ;  after  30  vibra- 
h'ons  of  the  first,  and  31  of  the  second,  there 
would  b«  ooincidenee,  and  in  consequence,  beat- 
iagf  while  at  any  other  moment,  the  sonorous 
wares  not  being  superimposed,  the  effect  would  be 
less.  If  the  beatings  are  near  to  each  other,  there 
is  produced  a  continuous  sound,  which  is  graver 
than  the  two  sounds  which  compose  it,  since  it 
eomes  from  a  single  vibration,  while  the  other 
sounds  are  made  of  30  and  31  vibrations. 

The  nearer  the  vibrations  approach  to  exact 
Ukiaon,  the  longer  is  the  interval  between  the 
beats.  When  the  unison  is  complete,  then  no  beats 
are  heard ;  when  it  is  very  defective,  thej  produce 
Che  effeet  of  an  unpleasant  rattle. 

377.  DiaiMUBon,  tuning-fork. — Tbe  dia- 
paeon  is  a  familiar  instrument,  with  which 
we  may  produce,  at  will,  an  invariable  note ; 
itff  ose  regulates  the  tone  of  muaical  instru- 
ments. It  is  formed  from  a  bar  of  steel, 
carred^  as  aeea  in  £g.  288.    It  is  often  sounded  by  dra^ng  l\iTO^^\^ 
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a  smooth  rod  of  steel  large  enough  to  spring  open  the  limbs,  and  iti 
-vibrations  are  greatly  strengthened  to  the  ear  bj  mounting  it,  as  in  tbe 
figure,  upon  a  box  of  thin  wood,  open  at  one  end.  A  diapason,  giTiag 
0  3,  or  256  vibrations  in  a  second,  produces  a  sound  comparable  with 
that  from  an  organ  tube. 

The  diapason  is  ordinarily  formed  to  prodnee  A3,  comaponding to  438 rihn* 
tions  in  a  second. 

The  whole  diatonic  scale  is  thus  conveniently  constmcted,  by  a  series  of  im- 
pasons,  arranged  as  in  fig.  289,  apon  a  sonnding-boz,  A  A. 

378.  Sensibility  of  the  ear. — According  to  Savart,  the  most  grtvi 
note  the  ear  is  capable  of  appreciating,  is  produced  bj  from  sevea  to 
eight  complete  vibrations  per  second.  When  a  less  number  is  issdii 
the  vibrations  are  heard  as  distinct  and  successive  sounds. 

The  most  acute  musical  sound  recognised,  was  produced  by  24,000  eoopkAi 
vibrations  per  second.  Savart  maintains,  however,  that  this  if  not  the  eztnai 
limit  of  the  sensibility  of  the  ear,  280 

which  is  capable  of  wonderful 
training.  The  same  physicist  has 
also  demonstrated,  that  two  com- 
plete vibrations  are  sufficient  to 
enable  the  ear  to  determine  the  ra- 
pidity of  these  vibrations ;  that  is, 
the  height  of  the  sound  produced. 
If  his  wheel  made  24,000  vibra- 
tions in  a  second,  the  two  require  but  77,^9  ^fth  of  a  second.  The  ear  majt 
therefore,  compare  sounds  which  act  only  during  this  wonderfully  brief  interriL 
The  limit  of  perceptible  sound  depends  on  the  amplitude  of  the  vibrations.  By 
enlarging  the  dimensions  of  Savart's  toothed  wheel,  and  increasing  the  distaneei 
between  the  teeth,  more  rapid  vibrations  can  be  heard.  Desprets  was  enaUed 
to  recognise  sounds  made  by  36,500  complete  vibrations  per  second. 

Many  insects  produce  sounds  so  acute  as  to  baffle  the  human  ear  to  distiognifh 
them ;  and  naturalists  assert,  that  there  are  many  sounds  in  nature  too  acute  lor 
human  ears,  which  are  yet  perfectly  appreciated  by  the  animals  to  which  they 
are  notes  of  warning,  or  calls  of  attraction. 

The  natu/al  la  is  said  to  be  heard  by  rapidly  moving  the  head ;  owing  to  the 
motion  of  the  small  bones  of  the  car.     See  ^  393. 

{  3.  Vibration  of  Air  contained  in  Tubas. 

379.  Sonorous  tubes. — Mode  of  vibrating. — In  wind  instru- 
ments, with  walls  of  suitable  thickness,  the  column  of  air  contained  in 
the  tubes  alone,  enters  into  vibration. 

The  material  of  the  tube  has  no  influence  upon  the  pitch,  but  affeets  the 
quality  (363)  in  a  striking  and  important  manner.  The  pitc^  of  the  sound 
produced,  depends  partly  on  the  size  and  situation  of  the  embouchure :  still  more 
on  the  manner  of  imparting  the  first  movement  to  the  air,  and  partly  also  on 
varying  the  length  of  the  tube  containing  the  column  of  air.  The  difference  in 
the  quality  of  the  tones  produced  by  pipes  of  different  materials  is  most  probaUj 
owing  to  a  very  feeble  vibration  of  the  materials  themselves. 
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Sonoroiu  vibrations  are  produced  in  tubes  in  a  number  of  ways. 

1.  By  blowing  obliquely  into  the  open  end  of  a  tube,  as  in  the  Pan- 

diin  pipe.    2.  By  directing  a  current  of  air      290  201 

bto  an  embouchare,  or  near  the  closed  end  of 

fk$  tube.   These  tubes  are  called  mouth-pipes. 

L  B7  thin  yibrating  laminsB  of  metal,  or  of 

wood,  called  reeds,  or  by  the  yibration  of  the 

fipa,  acting  as  reeds.    4.  By  a  small  flame  of 
l^'drogen  gas. 

880.  Moath-plpM.— Fig.   290    represents 
'Am  embonobure  cf  an  organ  tube,  fig.  291, 
ttwl  of  a  whistle  or  flageolet.    In  these  two  1 
MgoBtm  the  air  is  introduced  by  the  opening,  i 
ImXM  the  Utmiire) ;  d  o  is  the  mouth,  of  which 
Ihe  vppcr  Up  is  bereled.   The  foot»  P,  flg.  291, 
•omieoti  the  pipe  with  a  wind-chest    When  a 
nfid  earrent  dT  air  passes  through  the  inlet, 
ll  aneoimters  the  edge  of  the  upper  lip,  which 
partially  obstmctt  it^  cannng  a  shock,  so  that  the  air  passes  througb 
^«  in  an  intaradttent  manner.    These  pulsations  are  transmitted  to 
tta  air  in  the  tabe^  making  it  Tibrato,  and  producing  a  sound. 

la  Older  to  liafo  a  puo  wrand,  then  most  udst  a  oertahi  relation  hetwoen  tho 
dl— nitiini  of  tho  lips^  tho  oponing  of  tho  month,  and  the  sixe  of  the  lomidro. 
.  Acafa,  tho  length  of  tho  tnbe  mne t  boar  a  oertain  ratio  to  iti  diameter.  In  thoio 
viad  Instramonti,  like  tho  flnio,  flageolot,  Ac,  in  which  rarions  notes  are  pro- 
daeod  by  tho  opening  and  oloeiag  of  holes  in  their  sides  by  means  of  fingers  or 
ktys,  there  is  a  rirtoal  Tariation  in  the  length  of  tho  tube,  which  determines  tho 
piteh  of  tho  yarions  notes  prodnood.  The  nnmber  of  Tibrations  depends  npon 
tho  dimensions  of  the  tube  and  the  Telocity  of  the  onrrent  of  air. 

381.  Reed-pipea. — ^A  reed  is  an  elastic  plate  of  metal,  or  of  wood, 
attached  to  an  opening  in  such  a  manner,  that  a  current  of  air,  passing 
into  the  opening,  causes  the  plate  to  vibrate.  This  vibration  is  propa- 
gated to  the  surrounding  air.  Reeds  are  found  in  hautboys,  bassoons, 
clarionets,  trumpets,  and  in  the  Jews-harp,  which  is  the  most  simplo 
instrument  of  this  species. 

Fig.  302  represents  a  reed  pipe,  mounted  on  the  box  of  a  bellows,  Q.  A  glass, 
B,  in  one  of  the  walls  of  the  tnbe,  allows  the  vibrations  of  the  reed  to  be  seen 
The  ease,  H,  serves  to  strengthen  the  sound.  Fig.  203  represents  the  reed  sepa- 
rated from  the  tube.  It  is  composed  of  a  rectangular  case  of  wood,  closed  at  its 
lower  end,  and  open  at  the  top,  at  a  point  o.  A  plate  of  copper,  e  0,  contains  a 
longitudinal  opening,  designed  to  allow  the  passage  of  tho  air  from  the  tube,  M  N, 
through  the  orifice  o.  An  elastic  plate, «',  almost  closing  the  aperture,  is  confined 
at  its  upper  end.  The  sliding  rod,  r,  curved  at  its  lower  end,  permits  the  regu- 
lation of  the  pitch,  by  alterations  in  the  length  of  the  vibrating  part  of  the  plate. 

When  a  ennont  of  air  passes  in  through  the  foot,  P,  the  reed  vibrates,  alter- 
26* 
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natoly  opening  and  closing  the  aperatnre.  The  ribrationi  being  rtrj  njA^H* 
iouu<l  pro(luce<i  varies  in  pitch  with  the  Telocity  of  the  carrent.  This  sovidii 
tranKinittod  to  the  exterior  air  through 
the  opening  o. 

In  this  kind  of  reed,  the  Tibrating 
plate  posses  through  the  apertnre,  with- 
out its  walls,  and  the  tone  is  remarkablj 
pure  and  free  from  any  harshness.  The 
quality  of  the  tone  of  a  reed-pipe  depends 
much  on  its  figure,  also  upon  the  con- 
struction of  the  reed,  and  the  material 
of  wh i eh  it  is  composed.  294 

In  the  French  horn, 
the  trumpet)  and  other 
similar  InstrumontB.  the 
sound  is  produced  by 
the  vibration  of  the  lips 
of  the  performer,  acting 
like  reeds. 

382.  Gas  Jet.— 
A  jet  of  hydrogen, 
burned  within  a  tall 
tube  of  glass,  or 
other  material,  occa- 
sions, if  accurately 
adjusted,  a  musical 
note. 

A  simple  form  of  this  arrangement  is  seen  in  fig.  294,  where  hydrogen,  gene- 
rated by  tho  action  of  dilute  sulphuric  acid  on  sine  in  the  bottle,  is  burned  frum 
the  narrow  glass  tube,  within  one  of  larger  dimensions.  It  is  better  to  take  the 
gas  from  a  roMcrvoir,  or  gas  jet,  with  a  key  interposed,  to  regulate  the  volume 
of  the  flame.  Tho  cause  of  the  vibrations  and  sound  in  this  case  is  to  be  found 
in  the  successive  explosions  of  small  portions  of  free  gas,  mingled  with  common 
air.  Tho  heat  occasions  a  powerful  ascending  current  of  air,  momentarily 
extinguishing  the  flame,  and  at  the  same  instant  permitting  the  mixture  of  tlM 
atmospheric  oxygen  with  a  portion  of  inflammable  gas.  The  expfring  flaiM 
kindles  this  explosive  mixture,  and  relights  the  jet.  As  these  successive  pheno- 
mena occur  with  great  rapidity,  and  at  regular  intervals,  the  necessary  eonse 
quence  is  a  musical  note. 

For  a  full  discussion  of  the  phenomena  of  singing  flames,  see  a  memoir  b] 
Prof.  W.  B.  Rogers,  Am.  Jour.  Sci.  [2]  xxvi.  1. 

383.  Musical  instmments. — The  principles  already  explained  ii 
this  chapter,  will  illustrate  the  peculiar  power  of  the  several  8ort«  oi 
musical  instruments  in  common  use.  It  is  inconsistent  with  oar  limitei 
space  to  describe,  in  detail,  these  several  instruments.  Such  detail 
belong  to  a  special  treatise  on  music.  Musical  instruments  are  groupet 
ohiefly,  under  the  heads  of  wind,  and  stringed  instruments,  and  thos 
like  the  drum,  in  which  a  membrane  is  the  source  of  Yibration. 
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,  altlMr  with  tm  •mboaoJkara,  like  %  flate^  or  with 
flnt  diviaioB  ineliidM  tiie  ilata,  pipe^  flageolet,  Ac,  And  in  the  second 
he  eleiittBely  iMMooDy  honu,  trombonei,  Ae.  The  organ  also  is  a 
oseoty  asd  i%  iBOOiBparablj,  tha  grandest  of  all  moBical  instraments, 
sad  msijaety  U  witiioat  parallal  in  instmmental  combinations. 
MCriwMaCt  are  all  eompoand  inatramente.  The  soands  produced  bj 
a  of  Um  oords  aia  strengtliened  by  elastic  plates  of  wood,  and 
tions  of  air,  to  whioh  tha  oords  eommonicate  their  own  Tibraiions. 
irated  either  bj  a  bow,  as  in  the  riolin,  hj  twanging,  as  in  the  harp, 
sion,  as  in  the  piano. 

I  of  three  sorts ;  the  common  regimental  or  snare  dmm,  which  is  a 
)rass,  eoTered  with  membrane,  and  beaten  on  one  end  only;  tha 
ble  dram,  of  mneh  larger  dimensions,  and  beaten  on  both  heads ; 
the  kettle  dram,  a  hemispherical  ressel  of  copper,  eoTered  with 
sapported  on  a  tripod.  This  dram  has  an  opening  in  the  metallla 
iliaa  tha  ribrationa.  They  all  depend,  of  coarse,  upon  tha  Tibratfon 
nbranes  (318). 

bmtlon  of  air  in  tubes. — Ziaws  of  BomoiiUL — ^The 

aw8  of  the  ▼ibration  of  air  contained  in  tabes,  were  disoo- 

aoiel  Bernoulli,  a  celebrated  geometrician  who  died  in  1782. 

ride  tubes  into  two  classes. 

i  of  which  the  extremity  opposite  the  mouth  is  closed. 

I  open  at  both  extremities. 

of  which  the  eztremity  opposite  the  mouth  is  closed, 
same  tube  may  produce  different  sounds,  the  number  of 

u  which  will  be  to  each  other  as  the  odd  numbers,  1,  3,  5, 

ibes  of  unequal  length,  sounds  of  the  same  order  correspond 
t>er  of  vibrations,  whiq^  are  in  inverse  ratio  of  the  length 

IS. 

column  of  air,  vibrating  in  a  tube,  is  divided  into  equal 
h  vibrate  separately  and  in  unison.  The  open  orifice  being 
he  middle  of  a  vibrating  part,  the  length  of  a  vibrating  part 
the  length  of  a  wave  corresponding  to  the  sound  produced. 

open  ai  both  extremities. 

I  for  tubes  open  at  both  extremities,  are  the  same  as  the  pre- 

epting  that  the  sounds  produced  are  represented  by  the  series 

numbers,  1,  2,  3,  4,  ^. ;  and  that  the  extremities  of  the 

n  the  middle  of  a  vibrating  part    Again,  the  fundamental 

tube  open  at  both  extremities,  is  always  the  acute  octave  of 

>und  in  a  tube  closed  at  one  extremity. 

tration. — If  the  column  of  air  contained  in  a  tnbe  vibrates  as  a 

,  the  namber  of  vibrations  will  evidently  be  eqaal  to  the  velooity 

(presented  by  F,  divided  by  the  length  of  the  tnbe,  L,  or  by  the 

If  the  oolomn  of  air  is  divided  into  a  anmber  of  ftg^mati,  eaob 
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TibriitiD^  feivftrately^  1st  t  TepresiiDi  thn  length  of  on«  of  tltcfs  m^ 

fho  Ditmimr  of  vibrtt^tiooB  p«fr  B«i«iid  iriU  ^Tidcailj  tw  ^  — . 

(a}  If  tbv  pipe  c^uU^luiDg  the  COlutQD  c>f  tXr  14  flopped  ttt  bot^  43kl« 
he  A  uado  Hi  ev?b  crid»     Lf^t  a  r^preseDt  tbe  oaiiib«r  af  oodc^  inclBd 
«iidi ;  Ifao'  DUDibcr  of  vibrAUog  Begmeiita  will  b«  h  —  1,  itiMb  leiigtjb  ^i 
L 

tiDg;  flfigraeDl  will  ti«  f  ^ ',  mud  lihfl  numlHsr  of  "ribrmtHiiiii  per  Ml 

M  —  1 

r  r 

y        |r        p 

liAltj,  ilTldf  th(»  a«ri«i  of  posribla  Tibr*lion<  K— ,  2— ^  3—^  4«. 

X      -u      X 

(I)  If  the  iubo  it  cloatid  at  ona  atid,  tlimt  find  tDtiBt  b«  r«gmrded  K 
tb«  open  Dud  af  the  tub«  m  tbfl  mtddia  i^f  m  ribrftitB^  MgmenU 

3(fi  —  1)  -{-  1  ^  2h  ^ —  I  If  ill  b«  tb«  aomber  of  liAlf  a«gme&U»  *fid  -^ 

tbd  ontit^  Dumber  of  Tibratuig  Hgrnenta  eoniaifusfl  iu  th«  I«]lgtl|| 

ELumber  of  Tibmtioni  per  taoond  will  become  >-< 

J        L 
SubBtitutiag  for  n  tho  inteitflni  1^  2,  3,  ^fcep,  wis  obt«lQ  tli«  ti^ilifi^ 
ribr&tiDSif  ft*r  ibfi  diffbreot  toooa  of  tbc  pip« : — 

F      r      V 

If  iJie  pipe  is  open  mt  boUi  en  da,  m  befqrv  ]«t  »  b«  lb*  nnpiiKP 
puubfir  of  complete  Tentrml  tegjnvntfi  will  b«  n  ^  1^  imil  Ibvrv  vt!| 
tegoiiiEit  ht  fiAi^h  etid^  miLkitig  n  ^Dgmi^tits  in  tbe  kngrtb  £.     Tbe  leMi 

pleifl'  i^egwent  will  Uiorafons  b^  —1  aad  tbe  niunber  of  vibrMtfoiit  piP 
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dhridtd  hj  iSbm  BOftber  of  libntions  and  diminished  hj  twiM 
ndthoTthotiibe. 

Ihamunber  of  Tibnlions  is  eqoal  to  the  quotient  of  the  yeloeiij  of 
,  dirided  1^  the  lengdi  of  the  tabe,  inoreased  by  twice  its  breadth. 
Ihe  kngth  of  a  ojUndrioal  organ  tabe,  flattened  at  the  emboohore, 
il  to  die  qnolient  of  the  Telocity  of  sound  divided  by  the  number 
rations,  and  dimiiushed  by  fiye-thirds  the  diameter  of  the  tube. 
rfer  Beiuku,  T.  L.  I860,  p.  176.) 

.  Vibrating  dams. — ^Illastrations  of  the  Tibration  of  air  in  tubes 
ten  Iband  at  water&Us.  The  horiiontal  column  of  air  enclosed 
1  the  descending  sheet  of  water  is  rarefied  by  friction  of  the  water 
carries  away  a- portion  of  the  air,  and  the  external  nlr  rushing 
he  sides  is  thrown  into  Tibrations,  which  are  often  so  perceptible 
ndanger  the  safety  of  persons  approaching  too  near  the  cataract. 

be  ttlU  at  Holyokt,  Mass.,  the  dMeending  sheet  of  water  has  a  breadth 
)  flMt,  with  a  fiUI  of  80  feet,  and  Tarying  from  5  feet  to  8  inohet  thiek. 
ilMtUmi  of  the  air  roi hing  in  behind  the  waterfall  vary  from  82  to  368 
lote. 

Profesaor  Snell,  who  has  deeoribed  these  phenomena  at  length,*  ''At 
My  when  I  witnessed  the  comparatively  slow  oscillations  of  83  per  minute, 
nrprised  by  the  great  strength  of  the  current  of  air,  as  it  rushed  into  the 
{  at  the  end  of  the  dam.  I  could  not  Tcntnre  within  the  passage  through 
r,  lest  I  should  be  swept  in  behind  the  sheet ;  nor  could  I  stand  at  the 
w  of  the  areh  without  bracing  myself,  by  placing  both  hands  on  the 
."  These  Tibrations  are  shown  by  Professor  Snell  to  follow  the  laws  of 
111  for  the  Tibration  of  air  in  tubes. 

{  4.  Vocal  and  Auditory  Apparatus. 

I.    or  TOICB  AND  SPEBCH. 

Voice  and  speecli. — In  nearly  all  the  ur-breathing  yertebrate 
Is,  there  are  arrangements  for  the  production  of  sound,  or  wnet^ 
e  part  of  the  respiratory  apparatus.    In  many  animals  the  sound 

of  being  Tariously  modified  and  altered  during  and  after  its  pro- 
1 ;  and  in  man  one  of  the  results  of  such  modification  is  tpeeeh. 

The  vocal  apparatua  of  man  consists  of  the  thorax,  the 
%,  the  larynx,  the  pharynx,  the  mouth,  and  the  nose,  ?rith  their 
bges. 

*k»rmr.,  by  the  aid  of  the  diaphragm  and  the  intercostal  muscles  aeting 
langs  within,  alternately  compressing  and  dilating  them,  performs  the 
the  bellows  prodnciog  a  current  of  air  for  the  production  of  sound.  The 
,  or  the  wtnffpiptf  extending  from  the  larynx  to  the  lungs,  acts  as  a  tube 
ey  the  air  from  the  lungs  to  the  organs  more  immediately  coroemed  in 
duetion  of  roice  and  speoch.  The  larynx,  which  may  be  considered  aa 
ileal  organ  of  the  Toioe,  corresponds  to  the  mouth-piece  or  that  jpart  of 
an  tube  which  gires  the  peculiar  character  to'  the  sound.    The  pAiwyiw 

•  Am.  Jour.  8eL  [2]  Vol  XXVIH.  p.  W«. 
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li  m  likt^o  chvhj  abore  the  larynx,  which^  bj  the  TaiyiDK  farm  i 

Um  wu.l1f(^  nioilii^es  Lhti  tones  af  tbc  vDie^e.  Thij  montb  tml  a^j^s-l  p*ni| 
ptjiod  to  the  up|Pt'r  p*rt  of  An  orgAo  ttiV>e  from  which  th«  Tikfrmtu 
erplumio  of  air  nru  thrown  id  to  tb@  atmosphetev  ^ 

Tho  larynx. — This  organ  is  composed  esaentiallj  of  f^arl 
called  respectively  the  thyroid,  cricoid,  wad  the  two  arjteii 
lagea.  The  cavitj  of  the  lar^Dx  la  nmu'l^'  clo^ad  bj  two  pair 
branes,  called  the  tOcilI  oorda^  the  opeDiDg  beiw^eei)  which 
the  gluuis.  }Q^ 

In  Q^.  295,  AhowLni^  aTertical  secUoti  tbrongh 
tbu  larjnx  and  iflotllij  tlie  ponitioo  of  tbc  tbj- 
rojd  OrDd  ericoid  eariilag^i  ii  «een  in  b  t^  a  a, 
Tbfr  thjriiid  cartilago  couAttU  of  tw#  flat  pLat«< 
wboie  upper  edgo»  are  curved  tdmc^bat  like 
the  [cttur  Sj  Atid  rnrmii  a  proaiiiieQt  pro] ec dob 
en  ihc  (bruiit  (if  man^  rinible  oxteriorljj  and 
TQljaritTly  collffd  Adam'A  Apple.  Tba  criooid 
cartilaga,  u  ^u  lica  bulow  the  tbjroid  aarLil^«, 
and  19  in  fifcct  only  an  enlurgeEueat  of  nne  ^f 
the  {larLilai^tnotiis  nagt.  forraing  tbo  wind-pipo- 
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ly forcing  air  through  such  a  tube,  sounds  will  bo  produced,  varying  with 

At  tension  of  the  membranes  and  the  dimensions  of  the  aperture.     The  glottis 

ii «  iuure-Iike  opening,  bounded  by  similar  membranes.     By  means  of  a  series 

fff  null  muscles,  the  rocal  cords  may  be  extended  or  relaxed  at  pleasure,  while 

fiftcf  Biisclei  afford  the  power  of  altering  the  width  of  the  vocal  fissure. 

He  roeal  ligaments  being  thicker  at  their  free  edges  than  elsewhere,  they 
fftrate  like  cords,  bat  as  they  also  extend  like  plates  to  the  sides  of  the  larynx, 
(Mr  fihrationt  an  verj  nearlj  allied  to  the  ribration  of  reeds.  There  has  been 
■Kb  oontrorersj  as  to  whether  the  larynx  and  glottis  are  to  be  considered  as 
■  ned,  or  as  a  stringed  instramont  It  is  probabi j  more  correct  to  saj  that  it 
mU  apon  the  priooiples  of  both  combined. 

389.  Meohanlam  of  the  voice. — ^The  formation  of  sound  in  the 
hgjnx^  M  has  been  already  eaggested,  is  produced  by  the  vibration  of 
fti  foeal  oordSt  acting  as  a  species  of  membranous  reed,  under  the 
\  of  air  from  the  lungs.    The  sound  being  produced  as  in  ordi- 


flTair. 


(881)  by  the  intermittent  current 


I  is  the  original  seat  of  the  sound, 
other  parts  of  the  respiratory 
I  have  a  certain  influence  in  modifying 
die  faomt  they  have  no  share  whatever  in  the 
prodnelion  oC  the  sounds,  or  in  determining 
their  |nteb. 

When  at  rest,  the  lips  of  the  glottis  are 
wrinkled  and  plicated,  so  that  the  air  in  respi- 
ration passing  through  the  fissure  fails  to  put  j 
the  membranes  in  vibration.  But  as  the  musi- ' 
cian  tunes  his  instrument  by  increasing  or  di- 
minishing the  tension  of  its  vibrating  strings,  so  something  like  this 
occurs  with  the  human  larynx.  The  two  conditions  of  the  glottis  are 
beautifully  shown  by  the  two  parts  of  fig.  297,  from  MUller.  The 
upper  shows  the  organ  at  rest,  the  vocal  cords,  e  c,  boiog  relaxed,  while 
in  the  lower,  these  cords  are  shown  as  in  the  act  of  vibrating ;  tlie  small 
air  passage,  o,  opening  into  the  trachea,  is  never  closed.  When  sounds 
are  to  be  produced,  the  fissure  is  contracted  and  the  membranes  receive 
the  degree  of  tension  necessary  for  vibration.  The  sound  varies  accord- 
ing to  the  tension  of  the  membranes,  the  magnitude  of  the  fissure,  and 
the  form  and  magnitude  of  the  passages  through  which  the  air  thus  put 
into  Tibration,  passes  before  it  issues  into  the  atmosphere. 

390.  Range  of  the  human  voice. — In  speaking,  the  range  of  the 
homan  voice  is  subject  to  but  very  little  variation,  being  generally 
limited  to  half  an  octave.  The  entire  range  of  voice  in  an  individual  is 
rarely  three  octaves,  but  the  male  and  female  voice  taken  together  may 
be  considered  as  reaching  to  four. 
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There  are  two  kinds  of  male  voices,  called  bass  and  tenor,  and  two 
kinds  of  female  voices,  called  contralto  and  soprano,  all  differing  tnm 
each  other  in  tone.  The  strength  of  the  bass  voice  is  in  general  greatflr 
on  the  low  tones  than  the  tenor.  The  contralto  is  also  stronger  on  tht 
low  tones  than  the  soprano.  But  bass  singers  can  sometimes  go  verj 
high,  and  the  contralto  frequently  sings  the  high  notes  like  soprano. 

The  essential  difference  between  the  bass  and  tenor  voices,  and 
between  the  contralto  and  soprano,  consists  in  the  tone  or  '*  timbre* 
which  distinguishes  them  even  when  thej  are  singing  the  same  noli. 
The  barytone  is  intermediate  between  bass  and  tenor,  and  the  meao- 
soprano  is,  in  like  manner,  found  between  the  contralto  and  sopnmo. 
These  two  qualities  of  voice  have  a  middle  position  as  to  pitch  in  the 
scale  of  male  and  female  voices. 

The  different  qualities  of  tenor  and  bass,  and  of  alto  and  soprano  tomm^ 
probably  depend  on  some  peculiarities  of  the  ligaments,  and  the  membraBou 
and  cartilaginous  parietes  of  the  laryngeal  cavity  which  are  not  at  preteat 
understood.  We  may  form  some  idea  of  these  poonliarities,  by  recollecting  tbal 
musical  instruments  made  of  different  materials,  e.  g.,  metallic  wires  and  gwt- 
strings,  may  be  tuned  to  the  same  note,  but  that  each  will  have  a  pecoliar  qoaU^ 
or  "  timbre." 

The  following  are  the  limits  of  the  different  classes  of  voice,  as  determined  by 
Cagniard  de  Latour,  Savart,  and  others,  the  numbers  annexed  being  the  nan- 
ber  of  double  vibrations  of  the  glottis  produced  in  a  second  of  time. 


Soprano, 
Tenor, 


1056, 
264. 
528, 
132. 


Mezio-soprano, 
Barytone, 


930, 
220. 
352, 
110. 


Contralto, 
Bau, 


704, 
176. 
220, 
82-5. 


391.  Ventriloquism,  stuttering,  Ac. —  Ventriloquism  is  supposed  by 
many  investigators  to  consist  chiefly  in  the  use  of  inspiratory  sounds  ;  this  b 
true  only  to  a  certain  extent.  The  art  of  the  ventriloquist  depends  greatly  en 
the  correctness  of  ear  and  flexibility  of  organ,  through  which  common  tones 
are  modulated  to  the  position  and  character  in  which  the  imaginary  person  is 
supposed  to  speak  ;  other  means  often  being  used  to  heighten  the  deception,  ss 
concealing  the  face  that  the  play  of  organs  may  not  be  observed ;  often  is 
speaking  with  expiratory  notes,  the  air  expelled  by  one  expiration  is  distributed 
over  a  largo  space  of  time,  and  a  considerable  number  of  notes. 

In  ttMHeriug,  the  several  organs  of  speech  do  not  play  in  their  normal  succes- 
sion, and  thus  are  continually  interfered  with  in  convulsive  impulaes  and  inefll- 
cient  adjustments.  The  cause  of  this  result  lies  almost  wholly  in  the  nervoss 
apparatus  which  rules  over  the  organs  of  speech.  Important  remedial  maaai 
are,  to  study  carefully  the  articulation  of  the  difficult  letters,  to  practice  thdr 
pronunciation  repeatedly  and  slowly,  and^to  speak  only  when  the  chest  is  well 
filled  with  air. 

In  deaf  and  dumb  per9ont  the  organs  of  speech  have  originally  no  essential 
defects.  The  true  cause  of  their  dumbness  lies  in  their  inability  to  perceive 
sound.  The  impossibility  of  appreciating  the  several  sounds,  and  thus  grada- 
ally  acquiring  the  power  of  properly  ac^usting  the  organs  of  speech,  is  the 
chief  reason  why  the  second  infirmity  is  associated  with  the  first. 
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192.  Prodnotioii  of  soiinda  by  inferior  animals.  —The  sounda 
ubieh  the  different  animals  produce  are  peculiar  to  the  class  to  which  * 
tkey  belong ;  thus  the  horse  neighs,  the  dog  barks,  the  cat  mews,  ^. 
Theie  Turioufl  modifications  depend  on  the  peculiar  structure  of  the 
UrjQx,  bat  more  upon  the  form  and  dimensions  of  the  nasal  and  other 

anties,  through  which  the  vibrating  air  passes. 

Tfa«  CBt  ii  dutingaished  from  other  mammiferB  by  the  almost  equal  deyolop- 
■Ml  of  the  ioferior  and  tnperior  rocal  cords.  Many  of  its  notes  are  almost 
kiiuB.  The  horse  and  ass  are  supplied  with  only  two  Tocal  cords.  Animals 
vhkh  bowl,  and  are  heard  at  great  distances,  hare  generally  large  laryngeal 
futrielet. 

Birds  are  fomished  with  two  larynx,  a  superior  and  inferior,  which 
Mne  at  the  same  time  for  the  entrance  and  exit  of  air,  and  for  the 
parpoMs  of  Tocalixation.  The  upper  larynx,  which  correspondfl  to  the 
hijnx  in  mammifers,  can  only  be  regarded  as  an  accessory  of  the 
▼oioe.  The  lower  larynx  is  the  true  larynx ;  it  is  placed  at  the  lower 
ptrt  of  the  trachea,  where  it  branches.  Those  birds  in  which  it  is 
Absent  are  voiceless.  The  voice  of  birds  is  produced,  like  that  of  mam- 
mifers, bv  the  vibration  of  the  cords  of  the  glottis. 

Insects,  in  general,  produce  sounds  remarkable  for  their  acuteness. 
Their  sounds  are  produced  in  a  great  number  of  ways,  some  effecting 
it  by  percussion,  and  some  by  the  friction  of  exterior  horny  organs 
QlKin  each  other,  as,  for  example,  in  the  grasshopper.  In  others,  the 
nriftly  recurring  beatings  of  the  wings  produce  sounds,  as  with  the 
mtutqaito.  Many  insects  produce  sound  by  the  action  of  some  of  their 
organs  on  the  bodies  around  them,  as,  for  example,  the  various  insects 
which  gnaw  wood.* 

II.    THE    EAR. — HEARING. 

393.  Auditory  apparatna  of  man. — In  the  ear,  impressions  are  not 
■tonce  made  upon  the  sensory  nerve,  by  the  body  which  originates  the 
M&sation,  but  they  are  propagated  to  it  through  the  medium  of  the 
ttiDospheric  air. 

The  organ  of  hearing  in  man  is  composed  of  three  parts :  the  exter- 
ul  ear,  the  middle  ear,  or  tympanum,  and  the  internal  ear,  or  laby- 
rioU). 

The  external  ear  consists  of  (1)  the  pinna,  or  pavilion,  a,  fig.  298, 
which  collects  the  soniferous  rays,  and  directs  them  into  (2)  the  audi- 
tory caoal,  or  meatus  auditorius,  6. 

The  peealiar  fffrm  of  the  pinna,  with  its  numerous  olovations  and  depressions, 
hu  not  as  yet  been  satisfactorily  shown  to  be  related  to  the  principles  of 
Muuitics. 

Theaaditory  canal  proceeds  iuwardti  from  the  pinna,  to  the  tympanum,  c; 

*  8te  Appmdix,  p.  MH, 
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H  ij  ui  elUptScftl  IhIh^  atKnt  bo  loth  loo^.     !U  {fito«l«t  k  piviivlriljh 
Aod  bj  ■  wftxjr  Bw^rvtlaflx 

Tbe  middle  eu^.  tampan  lun,  ot  tympauio  oaTity^-^Tbti 
•AT  U  a^  caWtj  in  th«  tempor^t  booe  filled  with  air,  ei&<i  i 

39B 
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■^f 


Aimh  tke  Soitachlaa  tube  into  the  middle  ear.     A  cold  often  impairs  the 
iiiM«f  heering  bj  obitraeting  the  Eastachian  tabe. 

A  chain  of  three  small  bones,  the  ossicles  of  the  tympanum,  passes 
tkroagh  the  middle  ear  from  the  membrana  tympani  to  the  entrance 
of  the  internal  ear.     These  bones  are  shown  separated  fnun  each  other 

io  fig.  299. 

The  malleus,  or  hammer-bone,  m,  the  incus,  or  anvil,  n,  a  ■■'■  tbo  stapes,  or 
ftirnip.  f.  Thej  are  connected  with  each  other  in  such  a  uiniiner 
v  t4  ill<iw  of  slight  morements.  This  chain  of  bones  i»  attached 
i!  0D«  end,  ss  is  shown  in  fig.  298,  by  the  handle  of  the  malleus, 
to  tb«  tjmpanic  membrane,  and  at  the  other  by  the  foot  of  the 
(tirnip,  to  the  membrane  of  the  fenestra  oralis. 

Th«  muscles  which  act  upon  those  small  bones  are  supposed  to 
b«re  the  power  of  giving  more  or  less  tension  to  the  membranes  ^ 

vhkh  they  connect,  and  thus  rendering  them  more  or  less  sensi-  'cl^ 

tire  to  sonorous  nndnlationi. 

The  internal  ear,  called,  from  its  complicated  stractare,  the  laby- 
rinth, has  its  channels  curved  and  excavated  in  the  petrous  bone,  the 
hardest  of  any  in  the  body.  The  labyrinth  consists  of  three  parts ;  the 
vestibule,  the  semicircular  canals,  and  the  cochlea. 

The  vefftibule,  </,  fig.  298,  is  a  central  chamber,  formed  in  the  petrous  bone ; 

10  it  arc   a   number  of  openings,  for  branches  of  the   auditory  nerve,  small 

Weriej,  Ac.     In  it.<  extornal  wall,  t'i'i  fenestra  ovali?  Ih  found. 
The  vemicircular  canals  are  three  in  number.  openiii;r  into  the  vi'stibule  at  it" 

poi*teri<»r  and  upper  part,  and  placed  in  planes  a^ri^^lit  angles  to  each  other. 

Within  the:jic  canals  are  placed  flexible  tubes,  of  the  i<aine  form,  called  membran- 
vueaottls,  filled  with  fluid. 

The  cochlea,  /.  is  a  conical  tube,  wound  spirally,  making  two  and  a  hnlf  turns. 
U  resemblcM  a  Muall's  shell  in  appearance ;  whence  its  name.  Its  interior  19 
djrided  by  a  spiral  lamina,  called  the  lamina  spiralis,  into  two  passages  which 
eoamnnicate  by  a  little  hole  in  the  upper  part  of  the  300 

bdix.    Between  the  membranous  and  the  bony  inhyrinths, 
I  peculiar  liquid  (the  pcrilympb)  inter%"enr><,  ivhirb  alfn 
Ills  the  rarities  and  corblea  ;  the  membraoMii?  Eabyrititb 
s  dinendi'd  Uy  another  litiuid  (tlJe  etidolympli)-     ^  itidn 
he  labyrinth  thus  filled  with  liquid^  the  termiiui]  fllivjn'.^nr?. 
f  the  audit<:ry  nerve  are  placed. 
I'hey  are  expanded  in  the  ves- 
ibnle.   spread   out   upon    the 
&mina   spiralis,   and   also   in 
ertain    enlargements,    called 
mpulUs,  at  Uie   entrance   of 
le   scmicircomr  canals;   but 
ley  do  not  traverse  the  semi- 
irealar  canals. 

Fig-  300  ii  a  magnified  view  of  the  labyrinth,  showing  the  form  and  relation 
r  the  reatibule,  semioircular  canals  and  cochlea,  partly  laid  open,  so  as  to  di» 
lay  their  interior  eonstmetion. 
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394.  FunctionB  of  the  different  parts  of  the  ear. — 1.  Tbeira^rs 
of  sound  passing  into  the  external  ear,  are  collected  and  directed  'mv> 
the  auditory  canal,  and  strike  upon  the  tympanic  membrane,  which  is 
thus  thrown  into  vibration. 

2.  The  chain  of  bones  connecting  the  membrana  tympani  with  th* 
fenestra  oval  is,  receives  the  vibrations  and  transmits  them  to  the  veili- 
bule  through  the  membrane  which  covers  the  fenestra  ovalis. 

3.  Vibrations  thus  excited  in  the  fluid  which  fills  the  labyrinth,  an 
received  by  the  expanded  filaments  of  the  auditory  nerve,  and  the 
sensation  of  sound  is  thus  transmitted  to  the  brain. 

In  oonsidering  the  aMs  of  the  different  parts  of  the  middle  and  intenal  «r, 
it  18  necessary  to  refer  to  the  following  principles,  which  have  bees  ftHj 
demonstrated  by  experiment. 

1.  Atmospheric  vibrations  lose  much  of  their  intensity  when  traniaittii 
directly  to  either  solids  or  liquids. 

2.  The  intervention  of  a  membrane  greatly  faoilitatea  the  traniminioB  sf 
vibrations  from  air  to  liquids. 

3.  Yibrationi  are  readily  transmitted  from  air  to  a  solid  body,  if  the  latter  ii 
attached  to  a  vibrating  membrane,  so  placed  that  the  vibrations  of  the  air  Mt 
upon  it. 

4.  Sonorous  vibrations  are  communicated  from  air  to  water  without  any  pw- 
eeptible  loss  of  intensity,  when  to  the  membrane  forming  the  medium  of  e»* 
munication  there  is  attached  a  short  solid  body,  which  occupies  the  greater  pert 
of  its  surface,  and  is  alone  in  contact  with  the  water. 

5.  A  solid  body  fixed  in  an  opening  by  means  of  a  border  membrane,  so  ss  to 
be  movable,  communicates  •onorous  vibrations,  from  air  cte  one  side  to  wator 
or  the  fluid  on  the  other  side,  much  better  than  solid  media  not  so  constndad. 
But  the  propagation  of  sound  to  the  fluid  is  rendered  much  more  perfect  if  Uie 
solid  conductor  thus  occupying  the  opening  is  by  its  other  end  flxcd  to  the 
middle  of  a  tense  membrane  which  has  atmospheric  air  on  both  sides. 

These  principles  enable  us  to  understand  that  vibrati6D:<  are  eommuiiicated  to 
the  internal  ear  with  greater  intensity,  by  means  of  the  membrana  tympani  sod 
the  chain  of  tympanic  ossicles,  than  if  these  organs  did  not  intorrcne  between 
the  atmospheric  air  and  the  internal  ear.  We  find  that  in  the  lower  orders  of 
animals,  where  hearing  is  less  acute  than  in  man,  the  middle  oar  and  tympaait 
ossicles  are  wanting.  The  air  in  the  cavity  of  the  tympanum  serves  also  to 
insulate  the  chain  of  small  bones,  and  preserve  the  purity  and  Intensity  of  tht 
vibrations  which  are  transmitted.  The  communication  between  the  middle  etf 
and  the  external  air,  by  means  of  the  Eustachian  tube,  is  thought  to  prevent 
reverberation  and  echoes  in  that  cavity. 

The  sound  of  a  tuning-fork,  or  other  sonorous  solid  body,  applied  to  the  teeth^ 
or  any  bone  of  the  head,  is  heard  more  distinctly  than  when  the  sound  is  trani- 
mitted  to  the  ear  by  means  of  the  air ;  it  has  therefore  been  concluded  that  the 
cochlea,  and  especially  the  lamina  spiralis,  facilitates  the  appr^^tion  of  sueb 
sounds.  In  regard  to  the  use  of  the  semicircular  canals,  the  opinions  of  phy- 
siologists are  as  yet  divided. 

For  fhll  discussions  of  the  functions  of  different  parts  of  the  ear,  the  studest 
is  referred  to  Carpenter's  Physiology  and  to  Todd  A  Bowman's  Physiology. 

395.  Natural  diapason. — Oagniard  de  Latonr,  one   of  the  bifl 
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mlnni  aiiUi(>riti«s  In  «4K;iistic9,  6ati8fie<l  himself  that  he  hemrd  the 

mt'l  ia  ( A  of  the  tnnmcftl  scale)  i^mndbg  wUbin  hia  head  when  he 
i|lutd  U  fnim  side  to  Kid«,  M  r,  Jobard  suggests  thai  this  natural  la 
uii^iwfi  hf  the  contact  of  the  matUus  ogEinet  the  incus  in  the  ear,  a 
e^Tiiii^t  civaily  mnde  by  a  rap  id  movement  of  the  hciid,  the  neck  being 
'  iiMBuvrsraad  ot  vlotiitug.     \Am.  Juur.  ^i.  [2j  XXVI.  97.) 

39(L  Ofgana  of  liMurlng  in  the  lower  animaLi. — ^The  loophytee 
ippctr  to  be  wanting  in  the  sense  of  hearing,  and  no  special  aoditorj 
tppintiis  has  been  diaooTered  in  insects,  although  they  du  not  appear 
to  be  tltogether  insensible  to  soand.  In  the  mollosca,  the  organ  is  a 
■e,  filled  with  liqaid,  in  which  the  last  fibrils  of  the  acoustic  nerre  are 
filbied,  or  a  nerve  fibril,  in  connection  with  a  little  stony  body  (an 
MA],  included  in  a  sac  of  water.  These  animals  can  only  distinguish 
<HN  soise  from  another,  or  their  quality,  and  that  imperfectly,  and  have 
BO  pereeption  of  musical  notes.  Thb  organ,  corresponding,  as  is  as- 
•VBwd,  to  the  semicircular  canals,  increases  in  complexity  as  we  rise  in 
tke  Male  of  being.  In  lizards  and  scaly  serpents,  the  ear  commences 
with  the  tympanic  membrane ;  and  there  is  added  a  conical  cochlea. 
As  we  pass  through  ihem,  the  plan  is  further  developed ;  the  tympanic 
UTitj,  Eustachian  tube,  the  chain  of  bones,  Soe.,  appear.  In  birds 
there  is  a  continued  improvement,  and  all  the  atrial  tribes  of  mammals 
liiTe  external  ears,  while  a  full  development  of  all  the  auditory  parts  is 
rauhed  only  in  man. 


Problems  in  Aoooatice. 

Velocity  of  Sonnd. 

ISS.  The  rombling  of  thunder  wm  heard  7^  seconds  after  the  corresponding 
lnh  of  lightning  was  seen ;  what  was  the  distance  of  the  discharge  ? 

lU.  Caleolate  the  velocitj  of  sound  in  air  at  a  temperature  of  90<' ;  also  at 
IP  below  sero  of  Fahrenheit's  scale. 

IM.  What  time  would  be  required  to  transmit  sound  ten  miles  in  the  waters 
ifaqaiHlake? 

IM.  In  what  time  would  sound  travel  a  distance  of  3^  miles  in  each  of  the 
Mlowing  substances :  iron,  wood,  carbonic  acid,  hydrogen  gas,  vapor  of  alcohol 
•I  140^  rapor  of  water  at  IM^  ? 

157.  Tfhat  time  was  required  to  transmit  the  sound  of  the  explosion  of  the 
Tokano  at  8k  Vincent's  to  Demerara  (see  page  260),  supposing  the  sound  to 
hare  traTellad  in  the  air  alone? 

ISl!  At  what  distance  from  the  source  of  sound  must  a  reflecting  surface  be 
yUeed  that  an  eeho  maj  be  heard  three  seconds  after  the  original  sound? 

159.  From  the  top  of  a  precipice  a  stone  was  let  fall,  and  after  6^  seconds  it 
was  heard  to  strike  the  bottom.    What  was  the  height  of  the  predpioe  7 
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160.  What  wa.4  thu  distance  of  the  meteor  which  was  heard  at  Windier  Cmat!^, 
in  1783,  t«n  minutes  after  it  ilisappcared,  assumiDg  the  air  at  50°  F.  ? 

161.  An  observer  supposes  himself  in  the  range  of  a  distant  cannon,  the  report 
of  which  he  hoars  19  seconds  after  seeing  the  flash ;  how  soon  may  be  appre- 
hend danger  from  the  ball,  supposing  it  to  fiy  at  the  rate  of  a  mile  in  eigbl 
seconds? 

162.  The  flash  of  a  gun  throwing  shells  was  seen  due  east  from  the  obsemr; 
after  three  seconds  the  report  was  heard  ;  afler  another  interral  of  three  seeoads 
the  shell  was  seen  to  explode  40®  south  of  east,  and  the  explosion  of  the  ibtU 
was  heard  three  seconds  later;  to  what  distance  was  the  shell  thrown?  andwkat 
was  its  velocity  of  flight  ? 

Physical  Theory  of  Miuio. 

168.  A  metallic  wire,  placed  upon  the  sonometer,  vibnites  800  timei  m  • 
second ;  by  how  much  must  its  length  be  diminished  that  it  may  mak«  8Tt 
Tibrations  per  second  ? 

164.  What  number  of  vibrations  per  second  are  required  to  give  the  sots  61 
of  the  Italian  opera? 

165.  What  is  the  length  of  a  wave  in  air  when  an  instrument  soandi  E  S  of 
(he  Berlin  opera? 

166.  What  are  the  relative  numbers  of  vibrations  reqoired  to  form  the  imI« 
B  and  D  sharp  ? 

167.  What  is  the  interval  between  C  sharp  and  D  flat  wh«n  both  notsi  lit 
correctly  sounded  ? 

168.  How  does  the  interval  of  four  perfect  fifths  differ  fh>m  a  mi^or  third  ii 
the  scale  two  octaves  above  the  kej  note? 

169.  What  is  the  ftraotional  expression  for  the  chromatio  iemiton«?  Whaiftf 
the  gprave  chromatio  semitone  ? 

170.  What  is  the  number  of  beats  in  a  minute  formed  by  two  tenet  whoM 
Tibrations  are  as  24  to  25,  when  the  higher  note  makes  750  vibrationji  par  seeoiid? 

171.  Calculate  the  number  of  vibrations  per  minute  at  the  Holjoke  Falls,  ftr 
1,  2,  and  4  nodes  respectively,  the  breadth  of  the  dam  1008  feet,  the  encloni 
oolumn  of  air  being  entirely  open  at  both  ends. 

172.  Estimating  the  velocity  of  sound  at  840  metres  per  second,  what  nuaber 
of  vibrations  per  second  will  be  produced  in  a  square  organ  tube  whost  leB|tk 
is  1*13  metres  and  its  breadth  0*08  metres  ? 

173.  The  organ  of  the  church  of  Saint  Denis,  in  Paris,  is  tuned  to  the  nontal 
la  (A  3)  of  880  simple  vibrations  per  second,  and  a  square  tabe  9-566  metni 
long  and  0*48  metres  broad,  was  constructed  to  play  do^^  (C.^J,  but  on  trial  it 
was  found  too  flat     What  alteration  of  its  length  would  correct  it«  tone  t 

174.  Calculate  the  respective  lengths  of  a  series  of  square  organ  tubes  to  pli| 
the  scale  commencing  with  C  1,  the  longer  tube  having  a  breadth  of  4  inehsi, 
and  each  tube  in  the  ascending  scale  having  a  breadth  ^  of  an  inch  less  than 
the  preceding ;  the  normal  la  being  reckoned  at  856  simple  vibrations. 

175.  Calculate  the  dimensions  of  a  series  of  cylindrical  organ  tabes  for  the 
scale  commencing  with  C  4,  the  longer  tube  having  a  diameter  of  1  inch,  aad 
the  others  in  the  series  diminishing  regularly  in  diameter  bj  ^^  of  an  inch ;  the 
organ  to  be  tuned  as  in  the  last  example.  « 

176.  What  are  the  names  of  thb  next  three  higher  notes  in  the  scale  ^bieh 
the  tube  playing  G  4  in  the  last  example  would  give  by  suffleientlj  iatrtatfaig 
the  strength  of  the  blast? 
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CHAPTER  I. 


LIQHT,  OR  OPTICS, 


{  1,  0#neral  Ptopertias  of  Light. 

i97.  Optica* — Xilg]it.^>ptica  (from  the  Greek  verb  onrofiau  to  see) 
k^xMk  bnuch  of  pbjsicftl  science  whicb  tre&te  of  iht  nature  and  pro* 
perties  of  li^t. 

Light  is  a  mysterious  agent,  acting  upon  the  organs  of  Tision,  and 
imparting  to  us  a  knowledge  of  external  things.  It  brings  us  into 
nlation  with  surrounding  objects,  enlarging  the  sphere  of  our  habita- 
tion, in  a  measure  annihilating  distance,  unfolding  to  us  the  beauties 
of  natere,  and  acting  as  a  perpetual  source  of  enjoyment. 

398.  Nature  of  light. — Theories. — In  regard  to  the  nature  of 
Ql^tk  a  great  dirersity  of  opinion  has  prevailed  among  philosophers. 

(a)  CcTpU9adar  Meory.— Sir  Isaac  Newton  maintained  that  the 
phenameDa  of  light  are  produced  by  luminous  corpuscles  thrown  off 
flrom  biurning  bodies,  each  particle  producing,  in  its  flight,  vibrations 
fai  the*  tommnding  ether  similar  to  the  waves  produced  by  a  stone 
filing  into  tiie  water. 

(6)  XhMUUcTy  (hwry, — ^Hnyghens  maintuned,  in  opposition  to 
VvwIOD,  that  light  oonsbted  solely  of  vibrations  in  an  ether^  medium, 
wkAgmt  tiie  onward  progress  of  any  substance  whatever.    This  theory 
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has  been  investii^atcd  and  defended  by  many  of  the  ablest  philasophers: 
by  Young,  Malue,  Fresnel,  Brewster  and  others,  and  is  now  generally 
received. 

The  undulations  producing  the  phenomena  of  sound  take  place  in 
the  same  direction  that  the  sound  itself  moves;  but  the  vibraUoDiof 
liffhf.  are  supposed  to  move  at  right  angles  to  tlie  direction  in  wbieh 
light  is  propagated.  It  is  difficult  to  explain  all  the  phenomena  of  light 
even  on  this  theory. 

(c)  An  oscillatory  theory  of  light  has  been  propoeed  by  Mr.  Rtnkiiie, 
of  Glasgow.*  In  this  theory,  the  particles  of  luminiferons  ether  in 
supposed  to  rotate  on  their  axes,  by  the  influence  of  a  species  of  mig- 
netic  force,  which  is  wholly  destitute  of  effect  in  producing  reeisttnoe 
to  compression,  so  that  it  is  no  longer  necessary,  as  in  the  nndulatory 
theory,  so  suppose  the  luminiferous  medium  to  have  the  properties  of 
an  elastic  body.  The  same  mathematical  formulie  are  employed,  with 
this  hypothesis,  as  for  the  undulatory  theory.  Whether  this  theory  can 
be  applied  to  explain  all  the  phenomena  of  physical  optics,  remains  to 
be  proved. 

399.  Sooroea  of  light. — Phosphoresoenoe. — The  sources  of  light 
are  the  sun  and  stars,  heat,  chemical  combinations,  phosphorescence, 
and  electricity. 

We  know  not  the  real  cause  of  the  light  emitted  by  the  sun  and 
stars,  but  we  know  that  bodies  become  luminous  at  a  high  temperature, 
and  shine  more  vividly  in  proportion  to  the  intensity  of  tho  heat,  from 
which  we  arc  accustomed  to  suppose  that  heat  and  light  are  only  modi- 
fications of  one  and  the  same  cause.  Artificial  lights  depend,  in  general, 
upon  combustion,  or  the  union  of  the  oxygen  of  the  air  with  burning 
bodies.  This  chemical  action  is  attended  with  the  disengagement  of 
considerable  heat  as  the  burning  body  becomes  luminous.  Other  chemi- 
cal combinations  are  attended  with  light,  and  it  is  doubtful  whether  any 
bodies  become  luminous  without  chemical  action  of  some  kind. 

The  term  pJiosphoreseence  is  given  to  a  pale  light  emitted  in  the  dark 
by  certain  substances  which  do  not  appear  to  emit  any  sensible  heai 
Phosphorescence  has  been  observed  in  animals,  vegetables,  and  even  in 
minerals.  During  the  heat  of  summer  the  glow-worm  and  fire-fly  emit 
a  brilliant  light. 

In  tropical  regions  phosphorescent  insects  are  very  numerous.^  The 
waters  of  the  ocean,  especially  in  warm  latitudes,  are  often  covered 
with  little  animalcules  which  become  luminous  at  night  when  the  water 
is  agitated,  shining  in  the  wake  of  a  vessel  like  a  track  of  living  fire. 

*  8«6  transactions  of  the  British  Asiooiation  for  1858,  p.  9. 


OPTICS. 


293 


imstances  also  rotten  wood  and  decaying  flesh  become 
.  By  friction,  op  by  long  exposure  to  the  rays  of  the 
neruU,  as  the  diamond,  white  marble,  and  fluor  spar, 
)perty,  it  is  said,  of  shining,  for  a  brief  period,  in  the 
me  of  phosphorescence  is  not  known,  but  in  some  cases 
?pend  upon  electricity. 

a  Htourco  of  light  so  intense  that  its  brightness  is  equal, 
:o  one-lifth,  or  even  one-fourth  that  of  the  sun. 
3n  of  different  bodies  to  light. — All  bodies  are  either 
<i{iiireiit,  translucent,  or  opaque. 

ijr  bfjflics  arc  those  in  which  light  originates,  as  the  sun, 
»dies. 
i-vnt  botiit\H  allow  light  to  pass  freely  through  them,  thus 

form  of  ntlicr   l>odios  to  be  distinctly  seen  through 
re  water,  air,  and  polished  glass.     Such  substances  are 

diaphanous  (from  dca,  through,  and  ipaivwt  to  shine). 
vU  bodies  j»erinit  only  a  portion  of  light  to  pass,  and  in 

imperfect  a  manner,  that  the  outline  of  other  bodies 
ly  scon,  as  rough  glass  and  oiled  paper. 
Hnlit^s  are  those  which  do  not  ordinarily  allow  any  light 
1  them,  ns  wood  and  the  metals.  But  all  bodies,  even 
r  he  made  so  very  thin  as  to  become  partially  transparent 
Opacity  is  not  absolute  in  metals,  as  is  proved  in  the 
if  on  glass,  through  which  a  beautiful  violet-green  light 
light  is  found  by  optical  experiments  to  be  truly  trans- 
id  not  a  color  caused  l)y  the  minute  fissures  of  the  gold- 
thy  of  remark,  that  this  greenish  color  is  complementary 
h  is  the  color  of  gold  when  seen  by  successive  reflections, 
pencils,  and  beams  of  light. — A  single  line  of  light 
A  pencil  of  light  is  a  coUcctiim  of  rays  diverging  from 
Tce,  or  converging  to  a  point.  A  beam  of  light  is  a 
irallel  rays.  Diverging  rays  are  those  which  gradually 
each  other.  Converging  rays  are  those  which  tend  to 
nr»n  point ;  hence  we  have  the  terms  301 

ils,  and  converging  pencils  of  light. 
3  bodies   emit  light  from  every 

every  <lirectinn,  the   rays   diverging 
t  in  riirlit  lines. 


r,01,l»c  three  points  in  any  visible  object; 
cse  point.?,  light  i»  emitted  in  diverging 
uly  repre.-»entcd  in  the  figure. 
r*ertain  pnintfl  are  Kccn,  where  thjb  from  ABC  eross  emeh  other. 
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And  between  them  nro  vacant  spaces.  No  sach  vacant  spaces  exist,  but  tK* 
ravM  from  uU  points  in  the  object  are  crossing  each  other  at  every  point  is  til* 
space  where  the  object  is  visible. 

403.  Propagation  of  light  in  a  homogeneons  medium.— A  m^ 
dium  18  Bomething  exitiiting  in  space,  capable  of  producing  phenomeiHU 
A  medium  is  called  lumiiiiferous,  which  is  capable  of  transmitting 
light;  and  it  is  said  to  be  homogeneous  when  the  composition  and  demiif 
of  all  its  parts  are  the  same.  All  space  is  supposed  to  be  penrsded  bf 
a  luminiferous  medium,  called  luminiferous  ether,  and  yet  the  psrtieka 
of  this  ether  may  act  upon  each  other  at  great  dbtances.  In  a  hon*- 
geneous  medium,  light  always  moves  in  straight  lines.  If  any  opsqi* 
body  is  placed  in  a  direct  line  between  the  eye  and  a  Inminoos  hotj, 
the  light  is  intercepted. 

When  light  enters  a  dark  chamber  by  a  very  small  opening,  ibs 
course  of  the  light  becomes  visible  by  illuminadng  the  fine  partielesof 
dust  always  floating  in  the  air.  Rays  of  sun-light  are  thus  euilj 
demonstrated  to  move  in  straight  lines. 

404.  Velocity  of  light. — Light  travels  with  such  amazing  velocity, 
that,  for  any  distances  on  the  surface  of  the  earth,  the  Ume  ooeopied  in 
its  passage  from  one  point  to  another  is  totally  inappreciable  \ij 
our  unaided  senses. 

In  1676,  Roemer,  a  Danish  astronomer,  observed  that  the  eclipses  of  tlie  inl 
satellite  of  Japiter,  which  occur  at  uniform  intervals  of  time  when  the  earth  b 
moving  in  that  part  of  her  orbit  nearest  to,  or  most  remote  from  Japiter,  tit 
constantly  retarded  when  the  earth  is  moving  from  that  planet,  and  as  regnltilj 
accelerated  when  the  distance  between  the  earth  and  Japiter  is  diminishing. 
He  found  that  when  the  earth  was  in  that  part  of  her  orbit  most  distant  frooi 
Jupiter,  the  eclipses  of  the  first  satellite  take  place  16  m.  36  s.  later  than  when 
in  the  opposite  part  of  her  orbit. 

By  this  means  the  velocity  of  light  was  ascertained  to  be  about  193,000  aultt 
in  a  second. 

Foucault's  apparatus 
for  measuring  the  velo- 
city of  Ught.— Notwith- 
standing the  prodigious 
velocity  of  light,  M.  Fou- 
cault  has  succeeded  in 
measuring  it,  by  employing 
a  revolving  mirror,  accord- 
ing to  the  method  devised  by 
Wheatstono  for  measuring 
the  velocity  of  electricity.  In  di  scribing  this  apparatus,  we  shall  sup- 
pose the  properties  of  mirrors  and  lenses  to  be  already  understood. 

TLi;  app»raUi§  of  M.  Fouoaolt  \a  T«VT«t«TiXA4  Vn  ^%.  ^1.    T\ia  «h«tter  of  a 
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M  dumber  is  piereed  with  a  square  opening,  K,  behind  which  a  fine  platinum 

vin^  0,  it  stretched  Tertically.     By  means  of  a  mirror,  a  beam  of  solar  light  is 

Bude  to  enter  the  chamber,  and  being  divided  by  the  platinum  wire,  it  falls  upon 

SB  ichromatic  lens,  L,  of  long  focus,  placed  at  a  distance  from  the  platinum  wire 

iMtbao  double  the  distance  of  its  principal  focus.    The  image  of  the  platinum 

win  woald  be  formed  in  the  axis  of  the  lens,  somewhat  enlarged.     But  the 

kmi  of  light,  after  pasting  the  lens,  falls  upon  the  plane  mirror,  *m,  which 

[         nnint  with  grest  relocity,  and  being  reflected  by  it,  an  image  of  the  platinum 

E         win  ii  fonned  in  space,  whieh  image  is  displaced  with  an  angular  Telocity, 

itm\k  Ite  Telocity  of  the  mirror.*   This  image  is  receiTed  by  a  concaTe  mirror, 

Mf  10  Ixid  that  ita  centre  of  cunrature  coincides  with  the  axis  of  rotation  of 

tki  nrolTing  mirror,  m.    The  pencil  reflected  by  the  mirror,  M,  returns  back- 

wiid  iod  if  again  reflected  by  the  mirror,  m,  and  passes  back  through  the  lens, 

I^  lad  krmM  an  image  of  the  platinum  wire,  coinciding  with  the  wire  itself,  if 

te  afrror,  wt,  rcTolTes  slowly.     In  order  to  view  this  image  without  obscuring 

tb  peodl  of  light  whieh  enters  the  chamber  by  the  opening  K,  a  piece  of  plate 

^u»t  ^t  with  parallel  faces,  is  placed  between  the  lens  and  the  platinum  wire, 

iaeliBod  in  ineh  a  manner  that  the  rays  reflected  fall  upon  a  powerful  eye-glass, 

P.  If  the  mirror,  m,  remains  stationary,  or  if  it  roTolTes  slowly,  the  returning 

nj,  IC  m,  &Ili  upon  the  mirror,  m,  in  the  same  position  it  occupied  at  the  first 

nitetion,  and  returning  in  the  direction  it  oaine,  it  meets  at  a  the  plate  glass, 

^f  ind  is  partially  reflected,  and  forms  in  <{,  at  a  distance  a  d,  equal  to  a  o,  an 

^■^«  which  ia  seen  by  the  eye  by  means  of  the  eye-piece,  P. 

Tbe  rerolTing  mirror,  m,  causes  this  image  to  be  repeated  at  each  reTolntion, 
ttd  if  the  Telocity  of  rotation  is  uniform,  the  image  does  not  change  its  position, 
^^ben  the  Telocity  does  not  exceed  thirty  rcTolntions  per  second,  the  successiTc 
^pMnneea  of  tlie  image  are  distinct^  bat  when  the  Telocity  is  greater,  the 
iapressions  upon  the  eye  are  continuous,  and  the  image  appears  constant 

When  the  mirror,  tr«,  rcTolTcs  with  great  rapidity,  its  position  is  sensibly 

cbtaged  daring  the  interval  occupied  by  the  light  in  passing  from  m  to  M,  and 

biek  again  from  M  to  m,  and  the  returning  ray,  after  reflection  by  the  mirror,  m, 

tikes  the  direction  m  6,  and  forms  an  image  in  i ;  thus  the  image  has  deviated 

from  d  to  f.     Strictly  speaking,  there  is  some  deviation  even  when  the  mirror 

tarns  slowly,  but  it  is  appreciable  only  when  it  has  acquired  a  certain  magnitude, 

by  making  the  rotation  of  the  mirror  sufficiently  rapid,  or  by  taking  the  distance, 

M  m,  sufficiently  great.    By  means  of  the  deviation  in  the  position  of  the  image 

and  the  velocity  of  rotation,  the  time  required  for  the  light  to  pass  from  m  to  M, 

and  bark  again,  becomes  known,  makii^  2  =  M  m,  T  =  L  m,  r  ^^  0  L,  n  =  the 

number  of  revolations  per  second,  D  =  the  absolute  deviation  d  i,  and  V  <=■ 

the  velocity  of  light  per  second.     M.  Foucault  obtained  the  following  formula 

for  the  Telocity  of  light, 

BHPnr 

*  To  demonstrate  this,  let  m  n,  fig.  303,  be  the  revolving  mirror,  0,  an  object 
placed  before  it,  and  forming  its  image  at  0' ;  when  the  mirror  arrives  at  the 
position  m'  n',  the  image  will  be  formed  at  0''.  But  the  angles,  0'  0  0",  and 
M  e  m'  are  equal,  because  their  sides  are  perpendicular  to  each  other.  But  the 
inscribed  angle  0'  0  0"  is  measured  by  half  the  arc  0'  0",  and  the  angle  m  i;  m', 
fa  meaaarcii  by  the  entire  arc  m  m' ;  hence  the  arc  0'  0",  is  double  m  m',  which 
Ibna  demonstrates  that  the  angular  velocity  of  the  image  is  double  the  angular 
Tvloeity  of  the  mirror. 


Sfi6  PUYfilCS  UF   IMFOMD£tlABIJ£  AaHS^Ti. 

Ta  tb«  ax  peri  men  ti  of  M»  FtmeaLiilt,  m  M^  w>9  onlj  abvntlbtr 
givinja;  thfl  mtrror,  fn*  a  rdocitj  of  600  or  Mli  rtrolafiont  p«T  iwM 
A  dL'vlttiati  uf  fffim  ei|fht  ODG^'buadrcjItlia  in  t^tiK^  otie-hundndl 
OvT  iii^  to  the  vibribtiolL  of  the  app^rmlus  n.''V4]ring  vUb  iqeli  grei 
remit >  y^Jt  oibl*)[ie4  bjr  tbiA  tnetbiid  far  tbc  sbflolut^  rdcwilj  sf 
coiiftiit?rvd  u  entinlj  carrcct^  ftltbougb  of  tbc  bigbeit  iDltreAt- 

Eii.«rimDnts  bare  l>e«ti  ia«de  with  tbo  Aame  app&ntui  to  d^tci 
i7ity  uf  lifbt  in  Liqiitiis  uf  cooipihrvd  with  ibe  T^locilj  id  ur.  Fi 
■a  lube,  A  B,  tbrc«  jLrd*  lungp  Li  Mltd  with  diitilj^d  «aI«^  qtih 
fthil  plmcurl  bctweou  tbo  rcvulring  mirrtir^  m^  sud  (be  E»aae«re  air 
l<i  M.  Tbe  r»jfa  of  light  reflected  by  tbe  rcvolTiog  mvitwr  il 
m  M',  jtAAs  twice  tbroufb  tbo  column  of  fluid  in  the  tub«,  AB,1i 
Ui  tbo  niirrort  V.  Tbo  roturamg  rmy  lb  nflecEed  lU.  «,  and  fi^niii 
Tbt$  drL^viAtion^  of  tbe  rmy«  wbk-b  tmrorte  tbe  tk{iiid  mr^  gre*leT 
tion  of  (bt>  r&5«  trbicb  aru  prrjp&gvt«d  in  ftir  aJoiic,  wbicli  ehov 
ciiy  4jf  light  in  fluids  if  ieaa  tliBn  m  tdr. 

Fizeaa'B  method. — Auolber  metboH  of  direct  doterniii)* 
vHy  (if  light  has  beuu  dflviied  by  yi*  FiEcau^  of  Parlif  Id  l^iM. 
of  tbU  m€<Lb4td,  by  Prof.  A*  Cmw«U«  will  be  round  in  tb«  Stol 
tar  l^'aS.  ]t.  i3U. 

ReBultfl.^From  the»e  and  other  meibods  the  vfi 
b^L'ti  (JtHrrmmed    !■?>   be    in    ftir_ 
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m  AqpffviMk— UgfaA  frllhig  upon  opaqaa  bodies,  causes  them  to 
hmm  kmiaoni,  or  to  emil  light  in  all  directions,  and  thus  become 
tlAk  Soeh  bod^M  are  said  to  diaperse  light,  because  they  scatter  the 
%^ia  all  dizaetioDa  from  which  thej  are  yisible. 

Btdiai  owa  the  propertj  of  dispersing  light  to  the  innumerable  little 
ImiIioC  the  particlea  composing  their  rough  surfaces.  Only  part  of 
ttilig^tis  thus  irregularly  reflected  or  dispersed,  while  much  of  it  is 
inbiUy  absorbed  or  destroyed. 

(c)  JUfkeiioH, — ^When  light  falls  upon  polished  surfaces,  or  on  bodies 
kfng  naturally  smooth  and  uniform  surfaces,  it  is  thrown  off  in  a 
iiphr  Banner,  as  a  ball  rebounds  from  a  hard  floor. 

IfBiajof  light,  8  A,  ig.  SH  fUls  «pon  a  poUihed  inrfiuM,  B  0,  It  wUl  be 
■InM  k  the  dIrMtloB  A  B.  If  N  A  if  drawn  perpendlenUr  to  B  C,  S  A  N 
vnWthtSBgleof  lneld«nee,aad  NARwiU  be  804 

iifli^  sf  nflMtioii,  sad  f^  two  aaglM  will  bo 
ifid.  Tbo  Hbob  8  a,  N  a,  sad  a  R,  wiU  Uo  In 
la  MM  piano;  wo  haTo  thortforo  tho  following 

lit  Tkt  imeideni  ray,  the  ptrpendiemlar  at  tke 
f9uU  ofimcidemee,  tutd  the  reJUeted  ray,  are  all  eituated  in  the  eame  plane. 
2d.  The  angle  of  ineidence  and  the  angle  of  reJUetion  are  equal, 

[i)  Befiadum. — ^If  a  straight  rod  is  placed  obliquely,  partly  in- 
■ened  m  water,  it  appears  broken  or  bent  just  where  it  enters  the 
vtter.    If  a  coin,  a,  fig.  305,  is  placed  in  a  S06 

Mp,  in  ittch  a  position  that  it  is  just  hidden 
from  fiew,  and  water  is  then  gendy  poured 
mto  the  cup,  the  coin  will  appear  to  be  lifted 
sptnd  will  become  Tisible. 

Lt(  e  J  be  the  rarfaco  of  tho  water,  tho  ray,  a  h, 
h  w  bnt  or  refraetod,  at  tho  rarfiMO  of  tho  water, 
tha  tke  eoin  appean  so  if  placed  at  a'. 

TUt  bending  of  tho  rayi  at  tho  inrfaeo  of  any  traniparont  medinm  ii  oallod 
f^ntiAiau  806 

latOB,  If.  806,  be  tho  rarfaoo  of  water  in  a  yessol, 
•A  anj  of  light  incident  at  A,  and  NAN'  the  per- 
t«fcriar,  A  B  tho  reflected  ray,  and  A  T  the  direo-  ^^;ii 
<bB  of  the  ray  which  entora  tho  water  and  is  re-     ^^ 
ftHM;tlM«:- 

At  ttgle  8  A  N  if  called  tho  angle  of  incidence  of 
*iiiySA  Tho  angle  N  A  R  la  caUod  the  an^ie  of 
'^atin^  which  la  in  all  cmoc  equal  to  the  angle  of 
h4inn.  Tho  lino  N  A  N',  ie  called  the  normal. 
^  ttgli  T  A  N'  la  called  the  angle  of  refraction. 

If  «•  take  A  a,  flg.  307,  oqbal  to  Ah,  and  draw 
**a4  li^  oaeh  pofpondlcnlar  to  NAN',  then  am  la  the  eine  of  the  angle  ^ 
Mba^aad  (  a  Is  the  etiie  of  the  angle  of  refraction,  and  as»  diridod  by  hn 

a 
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is  invariably  the  lame  for  any  giren  mediiini,  whether  the  aagle  of  faflMffliwii 

increased  or  diminished.     The  quotient  obtained   fcy 

dividing  am  by  6  n,  is  called  the  index  o/  re/raefion, 

and  it  is  represented  by  n.     The  index  of  refWMStion  , 

varies  for  different  media ;  thai  for  light  passing  from 

air  into  water,  it  is  about  },  for  light  passing  iVom  air 

into  glass,  about  },  and  about  {  when  light  passes  from 

air  into  diamond.     These  fractions  inverted  give  the 

index  of  refraction  for  light  passing  out  of  water,  glass, 

and  diamond,  into  air. 

When   light  passes  from  a  rare  to  a  denser 
medium,  it  is  refracted  towards  the  perpendicular 
ur  normal,  and  when  it  passes  from  a  dense  to  a  rarer  medium,  it  if 
refracted  from  the  perpendicular  or  normal. 

The  general  law  of  the  refraction  of  light  is  thus  stated.  The  mar 
dent  ray,  the  refracted  ray,  and  the  perpendiaUar  to  the  refracting  wrfiM 
at  the  point  of  incidence,  lie  in  the  same  plane;  and  the  nne  of  the  anffe 
of  incidence  bears  a  constant  ratio,  in  the  same  medium^  to  the  sine  of  the 
angle  of  refraction ; 

am 

When  a  ray  of  ordinary  daylight  or  sunlight  is  refracted  by  a  dense  traas- 
parent  medium,  the  refracted  light  is  not  confined  to  a  single  line^  but  it  ii 
spread  out  into  a  fan-like  form,  as  shown  in  fig.  808, 
between  A  r  and  A  f,  and  the  different  parts  of  the 
refraeted  pencil  show  different  colors,  the  most 
strongly  refracted  part  being  violet,  and  the  least 
refracted  part  being  red.  The  index  of  refraction,  for 
a  single  color,  is  uniform  for  any  given  medium ;  but 
the  index  of  refraction  in  the  same  medium  varies  for  { 
differently  colored  light. 

407.  Amount  of  light  reflected  at  diflFer- 
ent  angles  of  incidence. — When  light  falls 
upon  a  transparent  medium  perpendicular  to  its  surface,  nearly  all  the 
light  enters  the  medium,  and  only  a  small  portion  is  reflected.  As  the 
light  falls  more  and  more  obliquely  upon  the  medium,  the  amount  of 
light  refracted  diminishes,  and  the  amount  reflected  increases. 

If  we  look  at  the  image  of  the  sun  in  water  at  midday,  and  again  near  snnse^ 
we  !>ball  see  a  remarkable  difference.  Near  sunset  the  image  is  so  briUiant,  lbs 
eyes  can  scarcely  bear  to  look  at  it,  while  at  midday  we  observe  it  without  dift- 
culty.  The  imago  of  objects  at  a  little  distance  are  seen  in  water  more  disUnetly 
than  the  images  of  near  objects,  because  the  light  from  distant  objects  falls  mois 
obliquely  upon  the  water  and  a  greater  amount  is  reflected. 

If  we  look  very  obliquely  at  a  sheet  t)f  white  paper,  placed  before  a  eandle^  sa 
image  of  the  flame  may  be  seen  reflected  from  the  surface  of  the  paper,  but  thi 
unage  disappears  when  the  rays  fall  upon  the  paper  nearer  to  the  perpandiedsr 
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When  light  falls  upon  any  polished  metallic  surface,  the  greatest 
ammint  of  reflection  takes  place  when  the  incident  rays  are  perpen- 
dicaltr  to  the  surface,  and  the  amount  of  light  reflected  diminishes  as 
(he  tngle  of  incidence  increases. 

Dtfmat  rabstanee*,  polished  with  equal  care,  differ  in  their  power  of  reflect 
iig  light    The  amoant  of  light  reflected  depends  also  upon  the  nature  of  the 
in  whieh  the  reflecting  body  is  placed.     Bodies  immersed  in  water 
lilMk  1ms  light  than  in  air. 


(thetng 
Dtfm 
iHUghf 


TMt  Aoming  the  nmmhtr  of  raya  of  light  re/leeted  out  of  100  raya  incident,  bjf 
dijfkraMt  kinda  of  gltua  and  mttala  natdfor  optical  purpoaea»* 
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408.  Internal  reflection. — ^When  light  passes  through  a  transparent 
medium,  a  portion  of  the  light  is  reflected  at  each  surface. 

In  ftg.  309,  S  A  is  a  ray  of  light  incident  upon  the  first  surface  of  a  trans- 
ptrent  medium.  A  portion  is  reflected  in  A  R.  A  T  is  the  refracted  ray,  and 
TV  the  emergent  ray,  but  a  portion  of  the  light  is  re- 
lated ftt  the  second  surface  in  the  direction  T  A',  of 
tWA  s  part  emerges  in  the  direction  A'  R',  a  part  '*^' 
Nftn  s  second  reflection  downward  from  A',  a  part 
— wgM  from  the  second  surface,  and  another  portion 
■An  raecessire  internal  reflections  before  it  is  either 
^  bj  sbsorption  or  finally  emerges  on  one  or  the  other 
■ids  of  the  medium.  In  general  only  the  rays  AH,  ^ 
I^i  lad  A'  R',  bare  suflBcient  intensity  to  be  visible  to  the  naked  eye. 

^.  Total  reflection. — When  light  passes  from  a  dense  to  a  rarer 
Mdiam,  the  angle  of  refraction  is  greater  than  the  angle  of  incidence, 
ukI  when  the  angle  of  refraction  is  90°,  the  angle  of  incidence  is  much 
^   For  water  it  is  48°  S5^,  for  ordinary  glass  it  is  41°  49^^,  conse- 


•  From  Potter's  Physical  Optics. 


300  PFIY8ICS   OF   IMPONDERABLE   AGENTS. 

quently  a  my  of  light  traversing  water  or  glass  at  greater  angles (^nixA 
escape  into  the  air,  but  is  totally  refltcted,  obeying  the  ordinary  law  i*f 
reflection.  The  proportion  of  light  suffering  internal  reflection  from  t 
surface  of  glass  or  water,  constantly  increases  from  the  perpendicoltr 
to  the  point  where  total  reflection  takes  place. 

Since  the  angle  of  incidence  for  a  dense  mediam  ia  always  greater  than  dw 
angle  of  refraction,  when  the  angle  of  incidence  is  90^  the  angle  of  lefnetioa 
mast  be  considerably  less  than  90°.  If  the  angle  of  incidence  is  90®,  its  sist 
will  be  unity.     The  sine  of  the  angle  of  refraction  will  be  unity  divided  by  th« 

1 
index  of  refraction,  =  —,  hence  the  angle  of  total  iDtemal  refleotion  for  aay 
n 

..       .     t^   •       ,       ^         .  1  310 

medium  u  the  angle  whose  sine  =  — . 

n 

Fig.  310  shows  light  radiating  from  a  point  below 
the  surface  of  water  and  escaping  into  the  air,  the 
angle  of  emergence  increasing  much  faster  than  the 
angle  of  incidence,  until  the  light  emerges  parallel  to 
the  surface  of  the  water,  after  which  total  reflection 
takes  place. 

To  an  eye  placed  below  the  surface  of  the  water,  all 
objects  abore  the  horizon  would  be  seen  within  an  angle  of  97^  10%  or 
the  angle  of  total  reflection  for  water. 

410.  Irregular  refleotion.— Diffused  light. — The  reflectum  fiom 
polished  surfaces,  which  follows  the  two  laws  already  annoniioed, 
is  called  regular  reflection;  but  only  a  part  of  the  light  is  refleeted 
regularly  from  any  surface,  when  the  reflecting  body  is  more  dwM 
than  the  surrounding  medium.  A  part  of  the  light  is  scattered  in 
all  directions,  and  is  said  to  be  irregtdarly  reflected  or  diffused,  Thii 
is  the  portion  of  light  which  renders  objects  yisible.  Light  regu- 
larly reflected  gives  an  image  of  the  object  which  emits  the  light, 
while  light  irregularly  reflected  gives  only  an  image  of  the  body 
which  reflects  it.  When  a  mirror  becomes  dim  by  the  acoumulation  of 
light  dust,  or  anything  which  tarnishes  its  surface,  the  amount  of 
regular  reflection  diminishes,  and  the  irregular  reflection  increasing 
all  parts  of  the  mirror  become  distinctly  visible. 

411.  Umbra  and  penumbra. — When  an  opaque  object  is  held  in  a 
pencil  of  light  proceeding  from  a  luminous  311 

point,  as  9,  flg.  311,  a  dark  and  well-defined 

shadow  is  produced,  which  increases  in  size  '" 

as  it  becomes    more    distant.     The  dark 

shadow  is  called  an  umbra.    If  the  light  proceeds  from  a  luminoes 

body  having  a  sensible  magnitude,  as  A,  fig.  312,  besides  the  dsrk 

shadow,  or  umbra,  where  no  part  of  the  luminous  body  is  visibk^ 

there  will  be  a  much  broader  partial  shadow,  called  the 
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k»,  idMrt  a  |Mffl  only  of  the  luminoas  body  is  Tisible.    The  breadth 
fiik  pammbrm  inereasos  with  the  diameter  of  the  light,  and  with  the 
SU  318 


^ntioce  which  the  shadow  extends  behind  the  opaque  object  The 
<Iirben  of  the  penumbra  gradually  increases  from  the  extreme  border, 
viiicli  it  too  faint  to  be  easily  seen,  to  the  umbra  or  full  shadow,  as  is 
•faown  in  a  section  of  the  shadow,  at  fig.  3 IS. 
412.  Zmages  produced  by  light  tnmamittad  through  small 
k — If  a  white  screen  is  placed  near  a  small  opening  in  a  dark 


IT,  the  rays  of  light  which  pass 
ttiMgfa  the  opening  will  form  on  the  screen 
iDrerted  images  of  external  objects. 

It  will  be  seen  in  fig.  314,  that  the  rays 
)f  light  from  the  top  and  the  bottom  of  the' 
•hject  cross  each  other  in  the  small  opening,  and  thus  invert  the  image, 
f  the  aperture  is  small,  the  image  will  be  formed  in  the  same  manner, 
rhatever  be  the  form  of  the  aperture.  But  if  the  opening  is  large,  the 
nage  is  indistinct,  or  entirely  disappears. 

413.  Intensity  of  light  at  difFerent  distances. — The  intensity 
r  light  at  any  distance  from  a  luminous  body,  is  in 
n  inverse  proportion  to  the  square  of  the  distance. 

Let  O,  fig.  316,  be  a  Inminoas  point;  at  I  1,  place  a 
>ard  one  foot  sqaare ;  it  will  cast  a  shadow  that  will  corer 
■pace  two  feet  sqaare  at  double  the  distance,  three  feet 
|iuure  at  three  times  the  distance,  and  four  feet  square  at 
mr  times  the  distance.     The  areas  will  therefore  be,  1,  4, 

16,  and  the  intensity  of  the  light  at  the  distances  1,  2, 

4,  will  therefore  be  in  the  proportions  of  1,  ;(?  i»  y^- 

If  /  and  P  represent  the  intensity  of  a  light  at  the 
iftaneei  D  and  ly,  we  shall  have 


f:P  = 


D* 


I         I        /)'« 


the  iatAnsity  of  a  light  at  different  distances  will  be  inversely  as  the 
|B*rcs  of  those  distances. 

414.  Photometers  are  instruments  employed  to  measure  the  com- 
iratiye  intensity  of  different  lights.  The  principle  on  which  they  are 
msfructed  is,  to  so  place  the  lights  that  they  will  illuminate  a  single 
irfaes,  or  two  Mffscent  BurfacoB,  with  eqoal  iotenBity.    The  T€\a^^« 
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int(?n!«iticp^  <>r  the  two  lights  are  then  an  the  eqtsare  ot  ihtiri 
froiu  tht'  illiioiiuflled  Burfuces. 

BunBen't  Photometer  ia  tbo  simplcft  «iiii  tn^il  wDTeaiut  p^i^n 
ym  juvL-iHtHL     A  diik  ufpAfKor  funr  or  tiro  i»<?fae«  lb  ctismf  t«Tt  i*  Tm4awi> 
liit^enl  lij  w tubing  it  wiih  ftara-ffine  or  sl«Azia«j  dUtolTetl  id  oil  Cff  tmt\ 
DaphlhA,  i^.tcepL  a  tpoL  ftWut  ftn  iocb  m  di^zD«t«r  at  the  rmtTv-    Itltnii 
Let  hdtl  bct1rI^cD  tfro  M^bf!'^  At  a  point  wh^re  ibcir  ]fit«n*itj  Is  DDc^ttilt^ct 
liiei*Dt  part  ijf  tJ;«  piiper  is  cojti]y  iliinHiijEraiBbed   ffom  Xhv-  F^ntnLlj  fitn^  ^lii 
tun  veil  tQ  a  point  wb^re  the  twn  UgfaU  ba¥«  «[|iifi1   iiit«o«]ij,  tXl  piOi  itl| 
paper  have  n  uuifortQ  appearance/   ^o  Ug^ht  nppe&ri  t&  ihiDe  tbrtiifiT^ 
tb«  niuiiuitiitii^n  la  e^iiul  od  bolb  jridvt.     By  nicmni  of  agr&daaleiil  Wr.  4« 
Lbu  li/^bt-'  ^iTil  (\\fk  are  mouDt^dj  the  difttance  of  each  lij^ht  fVAD  lie  | 
dviLermihi.-rl.   Aud   tbfttr  r«sp«clLVi»  iciteiKitiei  are   aolfioJntcd  on  the  j 
nbiivf.*'  iiii>ELtii>.mcd 

Tbif  principle  msiy  ho  applied  in  mftn^  vjijre  ta  detenniDe  tbe  LnttoiiAtl 
lijL^HiH:  as.  Tor  in  ■stance*  ihu  portion  wbieb  ii  trjuieniiKcd  or  reflecttd  fnuA 
ft'reril  siib.=janciis. 

Rumford'e  Photometer. — Rumford^s  photometer  m  eompM^^ 

tivii  plaU'H  Lhf  ^ouud  gla^s,  before  whioh  are  fixed  tiro  opaqner^l 
ftnd  Bt  sepnnittjd  by  a  aoreen,  fig.  316.  The  li^hta  to  be  orjinpireiT" 
Ii  Inrnp  and  a  candle,  m  n^  nre  ao  placed  opposite  the  rods  thtiM 


oprios. 


808 


1 2.  Catoptrioi,  or  Reflection  by  Regular  Snrfacee. 

I.    MIRKORS  AND  SP£i:ULA. 

415.  Hirron  are  solid  bodies  bounded  by  regular  surfaces,  highly 
fnXitM,  and  capable  of  reflecting  a  considerable  portion  of  the  light 
which  falls  up^io  them. 

The  term  mirmr  is  generally  applied  to  reflectors  made  of  glass  and 
cuated  with  an  amalgnm  of  tin  and  quicksilver. 

41G.  Specula  are  metallic  reflectors,  having  a  highly  polished 
nirfaee.  The  best  speculum  metiU  consists  of  32  parts  of  copper,  and  15 
paru  of  the  purest  tin.  Specula  are  also  made  both  of  silver  and  of  steel. 

In  the  use  of  glass  mirrors,  a  portion  of  light  reflected  from  the  first  surface, 
intcrTerff  with  the  perfection  of  the  image ;  hence,  where  the  most  perfect  instm- 
■MDiF  are  required,  metallic  reflectors  are  employed.  In  treating  of  reflectors, 
verbal!  uotice  only  the  action  of  the  principal  reflecting  surface,  and  use  the 
lenn  uirrur  to  comprehend  all  regular  reflectors. 

417.  Forma  of  mirrors. — Mirrors  are  either  plane  or  curved.  Curved 
mirrors  may  be  spherical,  elliptical,  or  paraboloid.  The  properties  of 
eili|)ti(^:il  and  paraboloid  reflectors  have  been  mentioned  in  sections  324 
and  3'Jo.  A  cfrncace  spherical  mirror  is  a  portion  of  the  surface  of  a 
pphere,  reflecting  from  the  internal  side.  A  convex  spherical  mirror  is 
I  ptjrtion  of  the  surface  of  a  sphere,  reflecting  from  the  outside.  Curved 
mirrors,  whether  concave  or  convex,  may  be  regarded  as  made  up  of  an 
infinite  number  of  plane  mirrors,  each  per-  317 

penJiculur  to  a  radius  drawn  through  it  from 
the  centre  of  tlie  mirror. 

Fi^.  317  chows  a  plane  mirror,  M  A  N,  a  concave 
Birrur.  m  A  n,  and  a  convex  mirror,  m'  A  n',  having 
t  common  point,  A,  and  the  line,  P  A  C,  porpen- 
dieolar  to  each  at  the  point  A.  If  a  ray  of  light, 
I  A,  is  incident  upon  either  mirror  at  the  point  A, 
Ibe  reflected  ray.  A  R,  will  make  the  same  angle 
*ith  the  perpendicular  as  is  made  by  the  incident 
niy.  At  any  other  points,  as  t  or  t',  the  curved  mirrors  will  act  like  little  plane 
mirrurs,  perpendicular  to  the  radii  P  t  and  Ct'. 

II.     REFLECTION  AT  PLANE  SURFACES. 

418.  Reflection  by  plane  mirxois.-^  ParaUel  rays  of  light,  falling 
upiiu  a  plane  mirror,  will  be  parallel  after  reflection. 

If  parallel  rays  of  light,  A  D,  A'  D^  fig.  318,  fall  upon  the  plane  mirror,  M  N, 
they  will  each  make  equal  angles  with  the  perpondicu- 
liri,  E  D.  E'  ly,  and  as  the  angles  of  incidence  and 
reflection  will  be  equal,  the  reflected  rays,  D  13,  D'  B', 
will  make  equal  angles  with  the  perpendiculars,  and 
will  uonieqaently  be  parnllol  after  reflection. 

If  A  D  represent  the  upper  side  of  the  beam  of  light  before  refleetlon,  U  will 
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bocDinc,  at>er  rofloirion  in  D  B,  the  lower  sido  of  tbo  beam.     n«iice  a  beaaef 
parulKl  ]i;;lit  i:^  invurtod  in  one  direction  bj  reflection  from  a  plane  mirror. 

Direr jiuif  rai/-*  of  light,  falling  upon  a  plane  mirror,  will  oontinoeto 
divor>i;e  aftor  n'tlootion,  and  will  appear  to  emanate  from  a  point  u 
iiiucli  beliinil  the  mirror  as  the  luminous  point  is  319 

U*ft»ro  it.  ^   ^^^  ^y^ 

Let  A  !)<■  a  radiant  point  in  front  of  the  plane  mirror      ns^    N.    y^y    I 
M  N.  «;;  WVy    If  the  perpendicular^  E  D.  E'  I)',  E"  D",  ^^JirTxi.       f 

In*  drawn,  tlio  relliM'ted  ray«  will  make  the  name  angles  "^  "  f'-'^^'v      j 

with  thi'  I't'ipt'iiflifularsi  as  the  incident  ray:*,  and  hcnoo  "^"^X 

the  rellected  ray-  will  make  the  8amo  angles  with  each  ^a 

other  as  they  did  hefore  reflection,  but  they  will  appear  to  diverge  frum  ibl 
point  A',  hchiuil  the  niirrur. 

Canrcnjimi  ni-f/.i  (Continue  t«>  converge  after  reflection  frvim  a  plane 
tiiirnir.  After  n'lh'otit)ii  they  will  converge  towards  a  point  as  much  in 
frmit  of  tho  mirnir  as  the  distance  of  the  point  behind  the  mirrur, 
towards  which  tlioy  converged  before  reflection. 

This  i.-*  easily  seen  by  tracing  the  rays  of  light  backward  in  the  preee^ng 

figure. 


OPTlbfl. 


305 


I 


Tbe  position  of  the  image  behind  the  mirror  may  be  found  by  draw- 
ing lines  from  prominent  points  in  the  object,  perpendicular  to  the 
Mirror,  extending  them  as  far  behind  the  mirror  as  the  points  from 
vfaich  they  are  drawn  are  situated  before  it,  then  uniting  the  eztremi- 
tiei  of  the  lines,  the  outlines  of  the  image  will  be  delineated.  The 
\am»  of  all  objects  seen  in  a  plane  mirror  have  the  same  foim  and 
&tauice  from  tbe  mirror  as  the  objects  themselves. 

420.  Images  multiplied  by  two  anriaoes  of  a  glass  mirror. — 
Qhii  mirrors  produce  several  images.  This  may  be  readily  demon- 
itrtted  by  looking  very  obliquely  at  the  image  of  a  candle  in  a  glass 
r.  The  first  image,  caused  by  partial  reflection  from  the  first  sur- 


ftoe  of  the  glass,  is  comparatively  faint.  The  second 
inige  is  formed  by  reflection  from  the  quicksilver, 
whieb  covers  the  second  surface,  and  is  very  clear  and 
£itiii€i 

Wbctt  rays  of  light  from  any  object  fall  upon  tbo  first 
wtkttt  of  a  plate  of  glass,  M  N,  fig.  321,  a  portion  of  the 
Kgkt  being  reflected,  forms  the  first  image,  a.  Tbe  principal 
ItrtoFtbe  light  penetrates  the  glass,  and  is  reflected  at  c,  by 
tbe  lUrering  which  covers  the  back  of  the  mirror,  and  coming  to  the  eye  in  the 
dinetioD  d  H,  prodnces  the  image,  a',  at  a  distance  from  the  first  image  eqaal 
is  tbont  once  and  a  third  the  thickness  of  the  glass.  This  image  is  much 
brighter  than  the  first,  because  the  metallic  coating  of  the  mirror  reflects  a 
(nster  anonnt  of  light  than  the  first  surface  of  tbe  glass. 

Other  images,  more  and  more  obscure,  are  formed  by  rays  which 
emerge  from  the  glass  after  successive  interior  reflections  from  the  two 
larfaces  of  the  glass.  As  this  multiplicity  of  images  diminishes  the 
<li«tinctnes8  of  vision,  metallic  reflectors  are  often  employed  in  optical 
iottniments.  822 

421.  Images  formed  by  liglit  reflected 
by  two  plane  mirrors. — Let  A  B,  fig.  322, 
be  an  uhjeot,  and  C  D,  E  F,  two  plane  mir- 
forg,  making  an  angle  with  each  other  less 
than  180O.  The  light  falling  upon  the 
mirror  C  D  will  form  an  image  at  a  6,  the 
position  of  which  may  be  determined  by 
*h«  method  explained  at  section  419.  A 
portion  of  this  light,  after  reflection,  will 
Wl  upon  the  mirror  E  F,  and  be  reflected 
**  if  coming  from  an  image  a^  y,  which  will  be  seen  by  the  eye  at  e, 

To  trace  tbe  course  of  tbe  rays  which  enter  tbe  eye  from  any  point,  Q,  in  the 
^l^t  AB;  let  y  be  tbe  corresponding  point  in  a  6,  %pd  q'  a  similar  point  in 
''^;  (U  light  will  enter  the  eye  as  if  it  oame  from  q',  therefore  draw  the  lines 
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q'Cf  and  they  will  show  the  final  ooane  of  che  pencil  bj  whkih  the  poialQb 
■een.  From  the  pointa  where  these  lines  meet  the  mirror,  E  F,  draw  Ubm  ts| 
and  they  will  represent  the  coarse  after  reflection  by  C  D ;  from  the  poiati  wbm 
these  linos  meet  the  mirror  C  D,  draw  lines  to  the  point  Q,  and  they  will  ibiff 
the  course  of  the  rays  which,  after  reflection  by  each  of  the  mirrors  CD, BF, 
form  the  pencil  by  which  the  eye  at  «  sees  the  point  q'  in  the  seeondary  imfi 
a' ft'. 

The  inversion  of  parts  by  the  two  mirrors  are  now  seen  to  correct  eaflh  o^ 
and  all  the  parts  of  the  image,  a'  b',  hare  the  same  relation  to  eaeh  othsr  si  il 
the  object  A  B.  The  peculiar  excellence  of  Wollaston's  Camera  lueitUi  (iU) 
depends  upon  the  fact  that  by  moans  of  two  reflections  all  parts  of  the  iasfi 
preserve  their  natural  relations. 

422.  Multiplicity  of  images  seen  by  means  of  inclined  mfa^* 
rore. — When  an  object  is  placed  between  two  mirrors,  which  miki 
with  each  other  an  angle  of  90^  or  less,  several  323 
images  are  produced,  varying  in  numbers  accord- 
ing to  the  inclination  of  the  mirrors.    If  they  are^^ ^^ 

placed  perpendicular  to  each  other,  three  images^ 
will  be  seen,  situated  as  in  fig.  323. 

The  rays  0  C  and  0  D,  from  the  point  0,  form,  afler  a 
single  reflection,  one  the  image  0',  the  other,  the  image 
0" ;  and  the  ray  0  A,  which  undergoes  two  reflections  at 
A  and  B,  gives  a  third  image,  0'''.  When  the  inclination  ^ 
of  the  mirrors  is  60°,  five  images  are  formed;  and  when 
they  are  placed  at  an  angle  of  45°,  seven  images  are  produced.  The  i 
of  images  continues  to  increase  as  the  inclination  of  the  mirrors  diminishes,  sad 
when  the  mirrors  become  parallel,  the  number  of  images  is  tkeoreticaUy  intsaVh 
but  as  some  of  the  light  is  lost  at  every  reflection,  and  the  sueoesstve  iasfai 
appear  more  and  more  distant,  only  a  moderate  number  of  images  are  viiiUa 

423.  Deviation  of  light  reflected  by  two  mirroxs. — When  t  nj 
of  light  reflected  by  a  mirror  is  again  reflected  by  a  second  mirror,  io 
a  plane  perpendicular  to  the  intersectio^i  of  the  two 
mirrors,  the  deviation  of  the  ray  from  'its  original 
direction  is  equal  to  twice  the  angle  formed  by 
the  two  mirrors. 

Let  two  mirrors,  A  and  B,  flg.  324,  be  inclined  to 
each  other,  so  that  their  directions  shall  meet  at  some 
point,  C,  forming  an  angle  A  C  B  =  a.  Let  the  ray 
of  light,  S  A,  bo  reflected  by  the  first  mirror  in  the 
line  A  B,  and  falling  upon  the  second  mirror  be  again 
reflected  in  the  direction  B  D,  meeting  the  original  direc- 
Mon  S  A  D  in  D.  Lot  the  angle  of  deviation  A  D  B  =  rf. 
Draw  N  A  «  perpendicular  to  the  mirror  A,  and  B  n  per- 
pendicular to  the  mirror  B.  The  angle  between  these 
perpendiculars  will  be  equal  to  the  augle  formed  by  the  inelinationi  «f  ^ 
m 'xrori,  or  A  a  B  es  A%  B  s=  a. 


iZ 


kltAM»VAB»^sBiABii»«';tiMniiiiMNAB«ABii  +  AfiB, 

l^l'-l-a   ,%    o=3t  —  I'j 

alM    BA]>  +  ABD-rADB»180^ 

•rS(MO-><)  +  S»''  +  ir»180«    .-.   <I»S(»  — t')  =  8a; 

Qk  Ai  itviftiioB  «f  aaj  raj  allar  two  refleetioM  it  equal  to  twioe  Um  uiglo  b«- 
Inn  tkt  Birron. 

tti  KatoldOBOoptt. — ^ThiB  beaniifal  toy  depends  upon  the  multi- 
ffcttioa  of  images  bj  inclined  mirrors.  Two  mirrors,  inclined  at 
m^  of  30^/45^  or  60",  are  placed  in  a  paper  tube,  one  end  of  which 
faekMd  hj  plain  and  the  other  by  ground  glass.  Yarions  objects,  as 
bpMBts  of  colored  f^ass,  tinsel,  twisted  glass,  Ac.,  are  placed  in  a 
mnr  sell,  at  the  end  of  the  tabe^  closed  with  ground  glass,  just  room 
MMgli  bnng  left  to  allow  the  objects  to  tumble  around  as  the  tube  is 
■md.  On  looking  through  this  instrument  towards  the  light,  multi- 
fM  iottges  of  erery  object  are  seen,  beyond  all  description  splendid 
tsd  beantifiil ;  ao  endl#s  yariety  of  symmetrical  combinations  appear- 
ing to  the  yiew  as  the  instrument  is  moyed,  but  never  recurring  with 
the  nme  form  and  color.  • 


Ut  A  C  and  B  C,  fig.  825,  be  the  two  mirrori  of  the  kaleidoioope,  and  let  the 
iMad  eirele,  deeeribed  aboat  C  as  a  centre,  represent  the  tube  in  which  they 
in  placed;  let  Q  be  the  position  of  an  object 
vtthia  the  angle  formed  by  the  mirrors.  If  Q  if 
h  As  eueomfcrenee  of  the  circle  described  about 
(^  Ike  two  series  of  images  of  Q  will  be  formed  in 
Atdmuniersnee  of  the  same  circle,  9^  9,  q^  q^  be- 


"  «'"  «"" 


^1  ktmtA  bj  the  mirror  A  C,  and  q'  q^'  q'"  q' 

Witg  formed  by  the  mirror  B  C.     Since  f,  is  in  a 

Im  perpendicular  to  A  C,  and  at  the  same  dis- 

tan  frwa  A  C  behind  it  as  Q  is  before  it,  that 

Vapttdinilar  is  the  chord  of  the  arc  Q  q^,  and  q^  9>A 

lihlkseirenmferenee  of  the  circle  drawn  about 

Cm  a  centre.    For  the  same  reason  q'  is  also  in 

At  MM  cirenmferenoe ;  so  also  q"  being  the  image 

^fpUutu  behind  B  C  as  ^i  is  before  it,  and  as  the  line  joining  9^  and  q"  is 

mmdienlar  to  B  C,  it  must  be  the  chord  of  the  circle,  and  hence  9"  is  in  the 

'fc^afciwiee.    In  the  same  manner  it  may  be  shown  that  erery  image,  formed 

%iipietid  reflections  from  A  B  and  B  C,  is  also  in  the  circumference  of  the 

*^  dweribed  about  C.    When  we  arrire  at  any  image,  94  or  9"",  falling,  as 

h  it  IfBrs^  between  the  directions  of  the  mirrors  produced,  such  an  image 

^dtaated  at  the  back  of  both  the  mirrors  must  be  the  last  of  its  series,  as 

**4|ktfroB  raoh  an  image  can  fall  upon  either  mirror. 

Avoiding  to  I  423,  the  distance  between  any  two  images,  formed  by 
^fnm  Bomber  of  reflections,  will  be  equal  to  twice  the  angle  between 
^Aimifi.  It  is  eyident  that  images  formed  by  an  odd  number  of 
I  will  be  dtoated  between  each  two  of  the  former  series: 
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hoDoe  the  entire  number  of  images  seen  in  the  kaleidoeoope,  indo^ 
the  object  itself,  will  be  equal  to  360^  diyided  by  the  angle  coDtsisfld 
between  the  mirrors.  If  the  inclination  of  the  mirrors  is  60®,  the  naoh 
ber  of  images,  including  the  object,  will  be  six ;  if  the  inclination  1845*, 
the  number  will  be  eight;  and  for  30®  every  object  will  appear  ai 
twelve.  If  the  inclination  of  the  mirrors  is  small,  the  images  fomfld 
by  many  successive  reflections  become  too  faint  to  be  distinctly  Men. 

425.  Hadley'a  aeztant  is  an  instrument  depending  on  refledin 
from  two  mirrors,  and  used  chiefly  by  seamen  for  measuring  the  illi> 
tudes  and  angular  distances  of  the  heavenly  bodies. 

Two  mirrors,  a  and  6,  fig.  S26,  are  ao  mounted  that  the  angle  of  ineUnttMi 
can  be  varied  at  pleasare.  The  mirror  a  ii  attached  to  a  movable  anif  •()» 
vhich  turns  about  the  centre  of  the  graduated 
ikro  A  B.  This  arm  carries  at  G  a  vernier  by 
which  minute  divisions  of  the  graduated  arc 
are  easily  distinguished.  The  mirror  h  ii 
firmly  attached  to  the  frame  of  the  instru- 
ment, and  the  outer  portion  has  the  silvering 
removed,  so  that  an  eye  placed  at  «  sees  the 
distant  horizon,  or  any  other  object  to  which 
it  is  directed,  in  its  true  position.  The 
mirror  a  is  turned  with  the  index  arm  a  C, 
until  any  other  object,  as  the  sun,  moon,  or  a 
star,  whose  light  is  twice  reflected  in  the 
directions  S  a  b  e,  appears  to  coincide  in 
direction  with  the  horizon  or  other  object,  H, 
seen  by  direct  light,  from  which  ite  angular 
distance  is  to  be  measured.  The  telescope  at 
e  is  used  to  facilitate  accurate  observation. 
The  divisions  of  the  graduated  arc  and  vernier  are  also  read  by  the  aid  of  ft 
magnifying  lens,  not  shown  in  the  figure.  The  deviation  of  the  ray  S  a,  ftfttf 
being  twice  reflected,  is,  by  §  423,  twice  the  angle  contained  between  ths 
mirrors,  or  twice  the  degrees  contained  between  A  C ;  half  degrees  on  tht 
scale  are  therefore  marked  as  whole  degrees.  The  reading  by  the  vernier  givii 
the  altitude  or  angular  distance  of  the  observed  object. 


III. 


REFLECTION  AT  CURVED  SURFACES. 


426.  Concave  and  convex  spherical  mirrors. — If  an  arc  of  a 
circle,  M  N,  fig.  327,  is  made  to  revolve  around  a  line,  ACL,  drawn 
through  its  centre  of  figure  A,  and  3fy 

its  centre  of  curvature  0,  it  will 
generate  a  curved  surface,  which    u  "^ 

will  be  a  segment  of  the  surface  of   * '^ 

a  sphere.  Internally,  such  a  polished   " 

surface  is  called  a  concave  mirror, 

and  externally  a  convex  mirror.    The  line,  A  C,  is  called  the  inrineipil 

axis  of  the  mirror,  and  any  other  line  drawn  through  the  centre  of 
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kioTt,  C,  it  eaUad  a  secODdarj  axis.  The  angle  M  C  N  is  called 
Use  sttgalar  aperture  af  tbe  mirror.  A  Bectioo  made  bj  a  plane  paat- 
hg  ihroug;h  the  prinetpal  a^s,  A  €,  is  eaUed  tbe  priiid|Md  aeetioii,  or 

&iiundii>ii&l  section. 

Thn  thmOTj  ^f  reil««tloi3  frotn  curved  mirroft  i»  ea^iljr  deduced  from  the  lawi 
ef  i«A««tiwO  bj  plane  mirrqrg.  £  7  {)OU)t  m  the  carT'€>d  mirror  may  bo 
r^mt^ed  aj  m  point  Id  a  pluie  miirc  mo  jaitunted  tbat  Ita  pgrpcndienlar,  where 
tb*  laj  of  light  fftlla  upoD  h),  coin^iues  with  the  radiiu  of  tb«  eunrod  mirror  at 

A  line  drawn  from  aoj  point  m  a  spherical  mirror  Iq  the  centre  of 
enrratnre,  will  Le  perpeodictilar  to  the  mirror  at  that  point,  and  also 
pe^pendicnlft?  to  any  plane  mirror  toncbing  the  ciured  mirror  at  thai 
poini. 

427.  Foci  of  concave  ptirrora  for  parallel  raya. — The  focns  of 
a  eoncave  mirror  is  the  point  towards  which  the  reflected  rays  con- 
verge, 

(a)  fkratld  rays  fklling  near  the  axis  of  a  ooncave  mirror,  fig.  327, 
oonrerge,  after  reflection,  to  a  point  equidistant  between  the  mirror 
■nd  the  centre  of  the  sphere,  of  which  the  mirror  forms  a  part.  This 
peint  ia  called  the  principal  focus. 

Bays  of  light  emanating  from  the  principal  focas  of  a  concave  mirror, 
win  be  reflected  parallel  to  each  other. 

DumomBtration. — The  lines  C  M,  C  B,  C  D,  fig.  327,  drawn  from  the  centre  of 
eaiTatiire  of  the  mirror,  M  N,  are  perpendicular  to  the  mirror  at  those  points. 
The  parallel  rays,  H  B,  O  D,  will  converge,  after  reflection,  to  tbe  point  F.  It 
is  erident  that  the  angle  of  reflection,  CDF,  for  any  ray,  will  be  equal  to  the 
tDgle  of  incidence,  0  D  C ;  but  O  D  C  is  equal  to  D  C  F,  which  is  the  aliernato 
aagle  formed  by  a  line  D  C,  meeting  two  parallel  lines,  G  D,  L  A  ;  hence  in  the 
triangle,  C  F  D,  the  angles,  F  C  D  and  F  D  C,  are  equal,  and  therefore  the  sides, 
C  F  and  F  D,  are  equal.  If  the  point,  D,  gradually  approaches  the  point,  A, 
C  F  -|-  F  D  will  difier  less  and  less  from  G  A,  until  their  sum  will  be  sensibly  equal 
to  C  A,  and  F  A  will  be  sensibly  equal  to  one-half  of  C  A ;  or  the  focus  of  parallel 
rays,  after  reflection  fh>m  a  concave  mirror,  will  be  equal  to  one-half  the  radius 
of  enrrature.  If  the  point  of  incidence,  D,  recedes  from  A  towards  M,  or  N,  the 
point,  F,  will  gradually  approach  A,  or  the  focal  distance  will  diminish.  A 
eonoaye  spherical  mirror  will  therefore  reflect  parallel  rays  to  a  single  focal 
point  only  when  the  diameter  of  the  mirror  is  small.  Practically  it  is  found  that 
the  diameter  of  the  mirror,  or  the  angular  aperture,  M  C  N,  should  not  exceed  8 
or  10  degrees. 

428.  Foci  of  diverging  raya. — If  rays  of  light  falling  upon  a  con- 
eaye  mirror  diverge  from  a  point  beyond  the  centre  of  curvature,  they 
will  converge,  after  reflection,  to  a  point  between  the  principal  focus 
and  the  centre  of  curvatnre.  This  point  of  convergence  is  called  the 
Donjugate  focus,  because  the  distance  of  the  radiant  point  and  the  focus 
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to  whioh  the  rajs  oonverge,  ftftor  rofleoftioii,  hasf  a  nratiial  iiltliaili 
each  other.  SSS 

Let  imyi  direrging  from  a  pointy  L, 
fig.  328,  fall  upon  a  ooncare  mirror,- the 
angle  of  inoidenoe,  L  K  C,  will  be  imaller 
than  S  K  C,  which  it  the  angle  of  inoidenee 
for  parallel  rayi  fklling  upon  the  mirror  at 
the  same  point  The  angle  of  reflection, 
C  K^  wiU  also  be  smaller  than  OKF;  henee  the  ray,  LK,  wQl  be  ■onlHM 
as  to  cross  the  principal  axis  at  a  points  I,  between  F,  the  priaeqnl  tma,  td 
C,  the  centre  of  onrvature  of  the  mirror. 

The  relation  between  the  radiant  point  and  point  of  oonTergenoe  ii  «4r 
determined.  In  the  triangle  L  K <  the  radios  K  0  bieecti  the  eaf^  LKJ; baa 
by  a  well  known  principle  of  geometiy : — 


CL:/0«LK:IK    .-.    -—«--. 


CL 


IK 


When  the  incident  pencil  if  Tery  small,  L  K  =s  L  A,  and  <K  -b  li,vay 
nearly,  hence  we  hare, 

OL       10 

—  ^-nearly. 

Let  LA  =s  «,  ZA  =  v,  OA  =  radius  of  the  mirror  :k  r,  and  A F  as  tki 
principal  focal  length  =s/.  Then/ ss  -,  and  by  lubstitating  these  Tslnsiytki 
above  equation  becomes 

u  —  r       r— »                                                1        1        1        1 
=  •  Diriding  by  r  we  hare ■  ess  —  —  - ; 

u  V  "    "  r       u        9        r 


Or,. 
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uf  ur 

u — /      2u — r 

From  this  formula  we  may  deduce  the  value  of  e,  or  the  foens  of  nAsilil 
rays,  whatever  may  be  the  point  of  dirergence  of  the  incident  raya 

If  the  luminoos  point  is  removed  to  Z,  the  reflected  rays  will  meetil 
L.  If  the  luminous  point  is  placed  at  the  centre  of  curvature,  C,  iH 
the  rays  will  fall  perpendicularly  upon  the  mirror,  and  be  reflected  baek 
to  the  point  G,  from  whence  they  came. 

If  the  luminous  point  is  situated  between  the  centre  of  cnrvatoro  sad 
the  principal  foeus,  the  conjugate  focus  will  be  removed  beyond  thi 
centre  of  ourratare,  and  become  more  and  more  ^tant  as  the  lomhiOQi 
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pobi  approftch^  the  principal  fo<iuB.  When  tb«  laminous  point  arrives 
ftt  iht  prmoipal  focui$,  tbo  cuujugnte  Rk3us  will  be  removed  to  an  infinite 
dbttnoe,  or,  )□  other  w(>rdS|  the  refleciad  raja  will  become  parallel. 
While  the  radiajit  point  has  removed  from  0  to  F,  the  conjugate  focos 
Hm  r«Eaor«d  from  C,  tu  an  inliuUe  dlfitance. 

429.  Conv erring  raya. — Virtual  fooiia.— If  the  radiant  point 
pwse*  fn>Qi  the  principal  focua^  F,  towards  the  mirror,  as  in  fig.  329, 
ilu  evident  that  the  refiected  rajs  wilt  diver fft^  as  329 

thou^  emanating  from  a  points,  bo  bind  the  mirror , 
faUfd  the  virtual  Jhcus. 

When  the  radiant  point  \a  near  the  principal 
fmi^  between  it  and  the  mirror,  the  virtual  focui 
irf  tht  diFergeot  reflected  raji  will  be  at  a  verj 
grcflt  distance.  As  the  radiant  point  continues  to  approach  the  mirror, 
tb« rirtaiJ  focuB  also  approaches  it*  While  the  rodiant  point  passes 
from  the  priiicipal  fociiB  to  the  mirror,  the  ccnjugate  virtnal  focus,  or 
pout  from  which  the  reflected  rajs  appear  to  diverge,  passes  from  an 
inlbite  distance  behind  the  mirror,  to  the  surface  of  the  mirror,  or  to 
Um  radiant  point  itself. 

These  propositions  may  be  easily  proved  by  giving  to  u  appropriate 
Ttlaes  in  the  formula. 

4^.  Secondary  axes. — Oblique  pencils. — If  the  luminous  point, 
L,  fig.  330,  is  not  situated  in  the  principal  axis  of  the  mirror^  a  line 
dnwn  from  the  radiant  point  through  the  centre  330 

of  carvature,  as  L  G  B;  will  constitute  a  second- 
try  axis,  and  the  focus  of  the  obligue  pencil  of 
rtjs  diverging  from  L,  will  be  found  in  this 
Noondary  axis.  In  the  same  manner  we  may 
draw  secondary  axes,  and  determine  the  foci, 
whether  real  or  virtual,  for  any  number  of  points  in  a  luminous  object. 

431.  Rule  for  conjugate  foci  of  concave  mirron. — MttUiply  the 
iisUttue  of  the  radiant  point  from  the  mirror,  by  the  radius  of  curvature, 
taddimde  this  product  by  twice  the  distance  of  the  radiant  point,  minus 
(k  radius  of  curvature  of  the  mirror,  and  the  quotient  will  be  the  distance 
rf  the  ear\fugaie  focus  from  the  mirror. 

If  th«  qaoUent  given  bj  this  rule  is  negative,  or  if  twice  the  distance  of  the 
ndisDt  point  Ib  less  than  the  radius  of  cniratare,  the  conjugate  focus  will  be  a 
virtoal  foeu  behind  the  mirror,  and  the  reflected  rajs  will  diverge. 

4S2.  Conwex  spherical  mirrora. — The  effects  attending  the  reflec- 
ioo  of  diverging,  converging,  or  parallel  rays  of  light  by  convex 
^iaetora,  are,  m  general,  the  opposite  of  the  effects  produced  by  con- 
ave  reflectors.    The  foci  of  parallel  and  diverging  rays  of  light. 
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reflected  bj  a  conTez  reflector,  are  at  the  saine  dialaiioe  at  for  eoMtft 
mirrors,  bat  thej  are  utaated  behind  the  reflector,  and  are,  heaecw^ 
virtual  foci.  Light  oonyerging  towards  anj  point  behind  a  oonfa 
mirror,  more  distant  than  the  cmtre  of  cnrrature,  wiU  diverge,  aftr 
reflection,  from  a  yirtual  focus  between  the  centre  of  carratnie  end  thi 
principal  focus.  Bays  oonyerging  toward  the  prindpal,  nrinsl  bm, 
will  be  reflected  parallel ;  but  rays  conyerging  towards  a  point  Msm 
to  the  mirror  than  the  principal  foous,  will  be  reflected  to  arssl  fbon 
in  front  of  the  convex  reflector. 
These  phenomena  will  be  readi- 
ly understood  by  an  examina- 
tion of  fig.  331.  The  ray  S I  is 
reflected  in  the  direction  F I M ; 
L£  is  reflected  in  the  direc- 
tion /EG,  and  reciprocally, 
G  £  is  reflected  in  the  direction  E  L,  and  M I  in  the  direotion  I  8. 

The  formaU  for  the  oonvex  mirror  maj  be  determined  hi  the  Mme  mttaar  ■ 
for  the  oonoave  mirror,  or  we  maj  dednoe  It  at  once  from  the  fbrmnla  for  Ai 
concave  mirror.  Since  the  fooas  of  parallel  rajs  it  behind  the  convex  nimi^ 
if  we  call  the  valae  of/  for  the  ooncave  mirror  poeitive,  it  mast  be  negetive  Ik 
the  convex  mirror.  If  therefore  we  insert  — /  instead  of  /  in  the  fonnnla  for 
the  concave  mirror,  it  will  become  for  the  convex  mirror: — 


1 

H^^ 

/ 

i^^J 

v'--- 

IL- 

4 

""Ste^ii^ 
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—J 

J>^ 
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from  which  it  appears  that  the  value  of  o  mnst  also  be  negative  when  •  is  peii> 
live,  that  is,  «  and  v  are  on  opposite  sides  of  the  mirror.  Now  by  patting— t 
instead  of  o  in  the  above  formala,  it  will  repiesent  the  abeolate  value  of  ths 
focufi  of  reflected  rays  reckoned  on  the  back  side  of  the  convex  mirror,  and  we 

111  /u 

have  for  the  convex  mirror,       -  =  — \-  -    .:    •  = . 

V      /        u  /-fw 

433.  Images  formed  by  oonoaTe  mlrrois. — ^The  prinoipke  alieedy 
explained  enable  us  to  understand  the  formation  of  images  by  i 
mirrors.  Let  A  B,  fig.  332,  represent  an  object  placed  befbra  a  < 
mirror,  beyond  its  centre  of 
curvature.  The  lines,  A  0 
and  B  0,  drawn  through  the  v 
centre  of  curvature  from  the  .v^ 
extremities  of  the  object,  are  ^^^ 
the  secondary  axes  in  which 
the  extremities  of  the  image,  a  b,  will  be  formed,  at  a  distaaoe  fton  Us 
ttiirror  equal  to  the  conjugate  foci  ibr  the  extreme  points  of  tlie  olgsst 
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This  image  is  real,  inTerted,  smaller  than  the  object,  and  plaoed  between 
the  centre  of  ourratore  and  the  principal  focus. 

If  a  6  is  regarded  as  the  object,  placed  between  the  centre  of  carva- 
tore  and  the  principal  focus,  an  enlarged  image  will  be  formed  at  A  B. 
If  the  object  is  placed  at  the  principal  focas,  no  image  will  be  formed, 
beeaase  the  rays  from  each  point  of  the  object  will  be  reflected  parallel 
to  an  axis  drawn  through  the  centre  of  333 

curvature  from  the  points  where  they  > 
originate.  I 

If  the  object,  A  B,  is  placed  entirely  on 
one  side  of  the  principal  axis,  as  in  fig. 
333,  it  is  evident  that  its  image,  a  b,  will  be  formed  on  the  opposite  side 
of  the  principal  axis. 

434.  Virtual  imagea;— If  the  olg^t,  A  B,  fig.  334,  is  placed  between 
tlie  mirror  and  the  principal  focus,  the  incident  rays,  A  D,  A  K,  take, 
after  reflection,  the  directions,  D  I,  K  H,  and 
their  prolongations  backward,  form  at  a,  a 
virtual  image  of  the  point  A.  In  the  same 
manner  the  image  of  B  is  formed  at  b,  so 
that  the  image  of  A  B  is  seen  at  a  b.  The 
image,  in  this  case,  is  a  virtual  image,  erect, 
and  larger  than  the  object. 

From  the  preceding  illustrations,  it  is  evident,  that,  when  an  object 
is  placed  before  a  concave  mirror,  more  distant  than  the  centre  of 
curvature,  the  image  is  real,  but  inverted,  and  smaller  than  the  object ; 
as  the  object  approaches  the  centre  of  curvature,  the  image  enlarges 
and  becomes  equal  to  the  object  and  coincides  with  it ;  when  the  object 
approaches  nearer  to  the  mirror  than  the  centre  of  curvature,  the  image 
becomes  larger  than  the  object,  and  more  distant  from  the  mirror. 
When  the  object  arrives  at  the  principal  focus,  the  image  becomes 
infinitely  distant,  and  disappears  entirely :  when  the  object  approaches 
nearer  to  the  mirror  than  the  principal  focus,  an  erect  virtual  image, 
larger  than  the  object,  appears  behind  the  mirror. 

435.  Formation  of  imagea  by  convex  mirrors. — Let  A  B,  fig. 
335,  be  an  object  placed  before  a  convex 
mirror,  at  any  distance  whatever.  If  we 
draw  the  secondary  axes,  AC,  BG,  it  fol- 
lows, from  what  has  been  said  (433)  concern- 
ing the  construction  of  foci  of  convex  mirrors, 
that  all  the  rays  emitted  from  the  point  A,  diverge  afler  reflection,  and 
that  their  prolongations  backward  converge  to  a  point,  a,  which  is  a 
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virtual  image  of  the  point  A.    In  the  same  iDaimer»  raja  eniittod  bm 
the  point  B,  form  a  yirtual  image  of  thai  point  in  b. 

Whatever  may  be  the  position  of  an  olgeol  before  a  eonves  nimr, 
the  image  is  always  formed  behind  the  mirror,  ereot  and  smaller  tbis 
the  object. 

436.  Gtoneral  role  for  oonatmoting  lnuic**  Unaamd  by  nJmia 
—To  construct  the  image  of  a  point;  1.  Draw  a  Beeoniarif  aadt  Jhm 
that  point;  2.  Take  from  the  given  point  anif  incident  rajf  whakBer; 
join  the  point  of  incidence  and  the  centre  of  curvature  of  the  mirror  tff  • 
right  line;  this  will  be  the perpendienlar  ai  thaipoini,  and  wiU  ehm  At 
angle  of  incidence;  3:  Draw  from  the  point  of  imeideneef  on  the  t/Qm 
side  of  the  perpendicular,  a  right  Une,  which  thaU  make  wUk  U  an  migU 
equal  to  the  angle  of  incidence.    This  last  line  represents  the  refleetei  rqr, 
vfhich,  being  prolonged  until  U  crosses  the  secondary  axis,  determines  ike 
piace  where  the  image  of  the  given  point  is  formed,    4.  DeterwUne  ike 
position  of  any  other  point  in  the  otged  in  the  same  mawier. 

437.  Spherical  aberration  of  mirrois. — Canstics. — ^The  rays 
from  any  point  of  an  object,  placed  before  a  spherical  mirror,  eonesTS 
or  convex,  do  not  converge  sensibly  to  a  single  point,  unless  the  aperture 
of  the  mirror  is  limited  to  8^  or  10^.  If  the  aperture  of  the  mirror  is 
larger  than  this,  the  rays  reflected  from  the  borders  c^  the  mirror  meet 
the  axis  nearer  to  the  mirror  than  those  vrhioh  are  reflected  from 
portions  of  the  mirror  very  near  to  the  oentre.  ^^ 
There  results,  therefore,  a  vrant  of  clearness  or  dis- . 
tinctness  in  the  image,  vr hich  is  designated  spherieaL  ] 
aberration  by  reflection. 

The  reflected  rays  cross  each  other  succes&lrel  j^  [ 
two  and  two,  and  their  points  of  intersection  forui  m  [ 
space  a  brilliant  surface,  called  a  caustic  by  r^fleol 
tion,  curving  towards  the  axis,  as  shown  in  fig.  336,  f 
where  G  is  the  centre  of  curvature,  F  the  principal  fboaa,  and  d  the 
centre  of  figure. 

2  3.  Dioptrioa.  or  Retraction  at  Regular  Snrfaoea. 

I.    DKFINITIONS. 

438.  Prisma  and  lenaea,  are  bodies  having  certain  regular  fbrmi^ 
sections  of  which  are  shovm  in  fig.  SST 
337. 

A  prism  is  a  solid  having  three 
or  more  plane  faces,  variously  in- 
clined to  each  other,  as  shown  at  A,  fig.  337.    The  angle  formed  by 
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tbe  &otafl,  A  R,  A  S,  is  the  refracting  angle  of  the  prism.    For  some 
po/poees  prisms  are  used  baring  more  than  three  plane  faces. 

i  ZoM  is  a  portion  of  some  transparent  substance,  as  glass  or  crystal, 
of  which  the  sarfaces  are  generally  either  both  spherical,  or  one  plane 
and  the  other  sphericaL  The  axis  of  a  lens  is  the  line  joining  the 
eentres  of  the  apherical  surfiioes  when  both  are  carved,  and  the  line 
jMrpendieolcr  to  the  plane  snrfaoe  whieh  passes  through  the  centre  of 
tiM  oUmt  sorfiMe  when  one  side  is  plane.  When  the  surfaces  of  lenses 
an  of  different  kinds,  they  are  named  in  reference  to  the  side  on  which 
the  light  first  fidls. 

If  the  figoree  C,  D,  E;  F,  O,  H,  I,  were  revoFved  around  the  axis, 
MK,  tiiej  would  severally  describe  the  solid  lenses  they  are  intended 
to  represent* 

In  expUning  the  properties  of  lenses,  and  showing  the  progress  of 
lig^t  throng  them,  we  make  use  of  snch  sections  as  are  shown  In  the 
ignre,  for  every  plane  passing  through  the  axis  has  the  same  form,  and 
what  is  feme  <^one  seotion  is  tree  of  all. 

Apimme  glau^  B,  is  a  plate  of  glass  having  two  plane  surfaces,  a  6, 
cdf  panlld  to  eaoh  other. 

A  epkete,  shown  in  section  at  0,  has  all  parts  of  its  surface  equally 
distant  from  a  eertain  point  within*  called  tiie  centre. 

A  dcmbU  dOMMK  ImUf  B,  is  a  solid  bounded  by  two  oonvex  surfaces, 
whidi  ar^  generaUy  sphericaL 
A  jpimmo-ameex  Um,  E,  has  its  first  surface  plane,  and  the  other 


A  JmMt  caneave  Una,  F,  has  two  concave  surfaces  opposite  to  each 
lens,  Q,  has  its  first  surface  plane,  and  the  other 

A  mmitmff  shown  at  H,  has  one  surface  convex,  and  the  other  con- 
cave, their  curvatures  being  such  that  the  two  surfaces  meet,  if  con- 
tinned.  As  this  lens  is  thicker  in  the  centre  than  at  its  edges,  it  may 
be  regarded  as  a  convex  lens. 

A  eoneopo-eonvex  lens,  shown  at  I,  has  its  first  surface  concave,  and 
the  other  convex,  but  the  curvatures  are  such  that  the  surfaces,  if  con. 
tinned,  woold  never  meet  As  therefore  the  concavity  exceeds  the 
convexity,  it  may  be  regarded  as  a  concave  lens. 

II.  BXrBACTION  AT  PLANK  SURVACXS. 

489.  Refrnotion  by  prUma.— If  a  ray  of  light.  In,  fig.  338,  falls 
obliquely  npon  a  transparent  medium,  whose  opposite  plane  faces  are 
not  parallel,  the  ray  will  be  refracted  at  the  first  surface,  and  tak« 
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a  direction  nearer  to  the  perpendicular.  Now  if  the  position  of  tbe 
incident  ray,  and  the  inclination  of  the  faces  of  the  medium,  are  is 
shown  in  the  figure,  it  is  obvious  that  the  emergent  S38 

ray,  n^  Vy  will  be  turned  still  further  from  its  original 
direction.  It  is  evident  that  any  other  position  of  the 
second  refracting  surface  would  cause  a  correspond- 
ing alteration  in  the  direction  of  the  emergent  ray. 


Let  ahcf  fig.  339,  be  a  section  of  a  triaogiilar  prism,  /»  a 
ray  of  light  incident  at  n,  0  n  t  the  perpendionlar  at  that 
point,  n  n'  will  be  the  coarse  of  the  ray  of  light  through  the 
prism,  and  hT  the  emergent  ray. 

If  the  prism  is  more  dense  than  the  surrounding  medium,  the  light  will  eat* 
the  prism,  whatever  may  be  the  angle  of  Incidence,  but  if  the  angle  of  incid«o«ei 
InO,  diminishes,  then  the  ray,  n  n',  will  lUl  more  obliquely  upon  the  i 
face  of  the  prism,  until  it  may  arrive  339  S4d 

at  an  inclination  where  it  will  suf- 
fer total  internal  refleoUon. 

If  the  incident  ray,  I  n,  fig.  840, 
falls  upon  the  prism  at  such  an  , 
angle,  that,  after  refraotion,  it  takes 
the  direction,  n  n',  parallel  to  d  o, 
the  base  of  the  prism,  the  angles  at  which  it  enters  and  leaves  the  prism  will  be 
equal,  and  the  deviation  of  the  emergent  ray  from  the  course  of  the  ioeide&t 
raj,  will  be  the  least  possible.  The  ray,  I'  n,  will  emerge  in  the  direction  ■if', 
and  I"  n  will  emerge  in  the  direction  op",  each  deviating  more  from  the  diree- 
tion  of  the  incident  ray  than  n'  p  deviates. 

If  a  candle  is  viewed  through  a  triangular  prism,  on  slowly  turning 
the  prism  about  its  axis,  a  certain  position  will  be  found  where  the 
apparent  position  of  the  candle  differs  least  from  its  real  position.  In 
whichever  direction  the  prism  is  now  turned,  the  difference  between  the 
real  and  apparent  position  of  the  candle  increases. 

440.  Method  of  determining  the  index  of  refraction. — Let 

Inn' pf  fig.  341,  be  the  direction  of  the  ray  of  light  when  the  deviation  eaused 
by  the  prism  is  a  minimum.     Draw  h  h  parallel  to  the  34] 

incident  ray.  In,  and  rbo  parallel  to  the  emergent  ray, 
n' p.  Let  1)  =  kbr,  the  entire  deviation  caused  by  the 
prism ;  (i  <»  A  6  n,  the  complement  of  the  angle  of  inci- 
dence ;  ^  ««  a  6  c,  the  refracting  angle  of  the  prism ; 
q  mtsn'  bo  =^en'  p,  the  complement  of  the  angle  of  emer- 
gence. In  this  case  the  angles  of  incidence  and  emer- 
gence are  equal,  hence  d  ^^  q  =^  90^  —  t,  i  being  the 
angle  of  incidence,  D  <=»  180^  —  d  —  g  —  q;  substituting  in  this  equation  tb« 
values  of  d  and  q,  we  have  D  =■  2  »  —  g,  and  t  =  ^  (D  -f  9)*  I««t  x  and  y,  si 
in  fig.  339,  represent  the  angles  formed  with  the  perpendiculars  by  the  ny 
traversing  the  prism,  «  -{-  y  "^  9>  ^°d  when  the  angles  of  inoidence  and  esMr* 
gence  are  equal,  x  =  y.     If  n  equals  the  index  of  refraction,  we  shall  have:— 

sin.  t  sin.  i  (D  -f  ^) 

n  — ,     or,     n  —  : — . 

sin.  X  «vtL.  \  9 
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TSuw  wlwL  thn  mngU  af  miuuDam  derintlon  &ad  tlie  r«ltactitig  Mlg]«  or  the 
pfim  m  meuuradf  thii  forinaJm  eaableA  us  &t  ODce  to  dettnnmq  tba  index  of 
JfeTmnJoD.    Id  thi*  rasJtutr  tlie  indeix  «f  refr Action  of  aaj  subftuice  u  cafily 

44  L  Plaoe  glase, — A  mj  of  Itght  paaaing  through  a  plaiie  gliLi^H,  or 
ft6;  other  roediom  of  uniform  deusiiy  bcutidwl  by  parallel  fftrojt,  will 
hft  the  «merg«nt  raj  parallel  to  the  incident  r&y.  Parallel  r,i\?^  of 
^i|dit  passing  tbrough  plane  glass  me  parallel  after  emergeDce,  and  the 
etDflrgent  raya  are  parallel  ^  the  iuGident  ruys. 

If  Uw  two  «aifu»v  of  thfl  traoi  parent  raediam  mre  pmxallDl^  it  is  oridcni  that 
tbfl  nj  «.f  li^ht  trkTerttng  tbe  medium  wiU  m^ke  eq,xi&I  anglefl  with  the  p<yrfjen> 
(icolif  tx  both  ^nrfiMMV,  Lfit  /  bu  tbe  jingle  of  tncjdetioe,  E  tbe  uiglo  of  wfrao- 
inQ  At  the  firit  lurfsce,  and  «Ibo  the  ioteroal  angle  of  InddeEio^  an.  the  iecond 
nr&ee,  and  £  the  anglft  of  vmorgtmoa.  Thoa^  If  «  reprepintt  the  iodex  of 
jfracttoii,  we  shall  hftTos—  * 

Sin.  /->»iin.  i?  —  dn.^    .*.    /—jP: 

*  tlM  aiiglw  of  inoidenoe  and  emergence  are  equal,  and  the  incident  ray  \b 
raUd  to  Uie  emergent  ray.  The  same  is  tme  for  any  number  of  rays ;  hence 
10  parallel  incident  rays  will,  after  passing  through  the  glass,  emerge  parallel. 
Let  M  K,  fig.  342,  be  a  plane  glass,   or  any  medium  342 

anded  by  parallel  surfaces,  the  rays  A  B,  A'  B',  will  be 
Iraeted  towards  the  perpendicular,  on  entering  the  medium, 
d  emerging  at  C,  C/  they  will  be  refracted  from  the  per- 
odienlar,  and  take  the  directions,  C  D,  C  D',  parallel  to 
Bh  other,  and  parallel  to  their  directions  before  entering 
B  medium.  The  displacement,  A  a.  A'  a',  is  the  lateral 
erration  produced  by  transmission  through  a  homogeneous  medium  bounded 
parallel  snr&ces.  The  amount  of  lateral  aberration  increases  with  the  thick- 
88  of  the  medium,  and  it  also  increases  with  the  obliquity  of  the  incident  rays. 

442.  Ziight  passing  throagh  parallel  strata  of  different  media. 
•It  is  found  by  experiment  that  if  a  ray  of  light  passes  through  a 
I  of  plates  of  dense  media,  all  the  refracting  surfaces  being  parallel 


343 


anes,  tbat  the  emergent  ray  is  parallel  to 
te  incident  ray.  It  therefore  follows,  that 
le  direction  of  the  ray  in  passing  through 
ly  one  of  the  plates  is  parallel  to  the  course 
wonld  have  taken  if  it  had  entered  the 
lake  directly,  or  if  that  plate  had  been  the 
est  in  the  series. 

Lei  P  A  B  C  Q,  fig.  343,  be  the  course  of  a  ray 

'light  passing  through  two  parallel  strata  of 

mse  SMdia,  the  second  medium  being  more  dense 

tan  the  first,  and  P'  D  E  Q'  the  course  of  a  ray  passing  through  the  seoond 

ediom  without  entering  the  first ;  if  P  A  is  parallel  to  P'  D,  C  Q  will  be  parallel 

I  S  Q%  and  also  B  0  will  be  parallel  to  D  E.    We  may  consider  the  ray  of 
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light  mi  pMsing  in  the  oppotite  diraetioiiy  mad  make  m"  the  Indis  of  feftmii 
for  the  medium  trsTened  by  the  nj  €B»  then  ifa.  QOp'esii"  iiB.BC^ 
henoe  the  angle  B  C  p  depends  onlj  on  the  diieetlon  of  the  emergent  ny  C<t 
parallel  to  the  incident  ray  P  A,  and  npon  the  index  of  relraetiony  a",  «f  fti 
lower  medinm.  Let  m  A  m',  n  B  a% p  Cp',  be  peipe&dieiilar  to  the  wftaatlH 
■nrfaoes  at  A,  B,  and  C,  and  let  a  be  the  abeolnte  index  of  refraetioa  fer  tbi 
first  medium,  a"  that  of  the  eeeond  medinm,  and  n'  the  IndoK  of  rafrMttm  Ik 
light  passing  flrom  the  Urst  medinm  to  the  seeond : — 


Then, 


sin.  ABa 


sin.  PAw       ^^       sin.  QPy» 
'sin.BA«»''*    ""  sin.  BCp  ' 
sin.  BAm'       sin.  BAsi'       sin.  Q(y       wT 


X 


sin.  CBa'         sin.  BGp         sin.  PAw  ^  sin.  BCjp 


Heno6 :  The  index  of  refraction  for  light  paesingfrom  one  i 
another,  ie  equal  to  the  index  of  refraetion  of  the  eeoond  wnediM 
by  the  index  of  reaction  of  the  fret  medium, 

443.  Penoili  of  light  retraoted  at  plana  aiirfiM>ea. — ^WlMa  a 
pencil  of  light  fiJls  upon  a  plane  sorfaoe  of  any  dense  mediiun,  it  ii  lo 
changed  by  refraction  that  a  diverging  pencil  is  made  to  diTerge  from 
a  focus  without  the  medium  more  distant  from  the  dense  medium  thsn 
before  it  entered  it;  and  a  converging  pencil  is  made  to  conTerge  to  a 
focus  within  the  dense  medium  more  distant  from  its  sorfiusa  than  befoie. 

Let  Q,  lig.  844,  be  the  focas  of  incident  844 

rays,  and  Q  A  B  the  ray  which  enters  the 
medium  perpendicularly  to  its  surface,  suffer- 
ing no  deriation.    Let  Q  P  be  any  oblique  ' 
ray  meeting  the  surface  at  P ;  let  N  P  N'  be  , 
drawn  perpendicular  to  the  refracting  surfkee 
at  P,  it  will  also  be  parallel  to  Q  A  B;  let  ' 
P  R  be  the  refracted  ray  which  being  extended 
backward  meets  the  line  A  Q  at  q'.    The  angle  of  incidence  QPN  s=  PQA,  aad 
the  angle  of  refraction  BPN'  =s  P^'A. 

sin.  QPN        sin.  PQA 
Also  the  index  of  reflraotion,  n  =s  - — -----  =  •: — =777* 

sin.  RPN'       sm.  P^'A 

\  =  — . 
PQ 

If  the  pencil  is  very  small,  PQ  ==  AQ,  and  Pg'  &=  A9'  nearly,  hence 
A^  =  a.  AQ.  If  we  let  AQ  =  a,  and  A^  =  «',  then  a'  =  nu,  which  determinss 
the  point  9',  firom  which  the  pencil  diverges  after  refraction. 

When  the  pencil  is  large,  and  P  is  so  far  frt>m  A  that  we  eaanot  < 
QP  =3  QA,  let  t  =  the  angle  of  incidence,  i*  :=  angle  of  refraction : — 


PA  PA 

Sin.  PQA  =  -~  J  sin.  Pg'A  = 

PQ  *  Pj' 


We  have  QP  : 


-:.;?'P« 


Andsinoe^Pss».Qp  .-.  u'  =  a. 


cos,  V 
cos.  i 
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fiiae*  Uis  cotia«  of  1^  h  ifnater  thui  coHiofl  of  t,  tbii  iMt  valne  of  «'  ia  greater 
UiAD  AH,  the  flnti  Talae ;  Xhlw  ahowi  th&t  a  p«Dcil  of  light  aaffera  aberration 
wbeQ  nfnxitAd  at  a  jilane  Burfttee.  The  formula  aIao  shows  that  u'  is  greater 
thao  Uj  or  that  Ibo  fo«it«  of  the  pencil  WlUjr  refracliDO  is  more  distant  than  the 
focus  of  ib«  iaoidoot  fays.  If  tb«  peacil  of 
inoidesC  T*jM  ooDTerges  to  a  point,  Qt  witbln 
the  d«tiie  mcidium}  ai  Id  ig.  346,  tbe  poncil  of 
the  refracted  raja  will  convert  to  point  ^'^ 
Sol  ring  the  triangle  Q  P  9^  we  should  find  tbe 
aame  result  a*  bafuto ;  or  Ag'  ^  n*AQ« 

Therefore:  When  a  pencil  of  light  w' 
rtjraded  ai  a  plafi4  sur/ace,  tJt^Jbeu^  of 
the  rffraettd  raya  U  on  the  game  »ide  of  the  refrading  ntrface  as  the 
focus  of  incident  rayjt,  and  ai  a  di^tan^t  equal  to  the  distance  of  the 
focus  of  incidcni  rays  muHiplitd  by  the  iTtdex  of  refraction. 

If  tbe  rnji  had  been  prooeodiog  from  the  dense  mediam  to  a  rarer 
medlutD,  as  from  g^,  fig,  345^  or  towards  q^,  fig.  344,  then  the  focas  of 
refracted  ray  a  would  be  at  Q,  or  nearar  to  the  refracting  surface  than 
tho  focuB  of  incident  rajs^ 

If  the  rays  proceed  from  a  dense  to  a  rarer  mediam,  and  if  n  still 
represent  the  index  of  refraction  for  light  entering  the  dense  mediam, 
the  index  of  refraction  for  light  passing  from  the  dense  to  the  rare 

medium  will  be  n^  =  -. 
n 

The  index  of  refraction  for  light  passing  from  air  into  water  is  n  =  |, 
and  hence  n'^  ="  -  =  !>  for  light  passing  from  water  into  air. 

If  therefore  u  represents  the  actual  distance  of  an  object  below  the 
surface  of  water,  and  u^  its  apparent  distance,  u^  =  n^M  =  f  u,  that  is,  ^ 
the  apparent  distance  below  the  surface  of  the  water  is  only  three-fourths 
of  the  real  distance ;  or  water  is  a  third  deeper  than  it  appears  to  be. 
As  every  point  in  an  object  appears  eleyated  one-fourth  as  much  as  its 
distance  below  the  surface  of  the  water,  a  pole  or  cane  thrust  obliquely 
into  the  water  appears  bent,  or  broken  (406),  just  at  the  surface  of  the 
water. 

It  follows  also,  from  the  preceding  considerations,  that  an  object  im- 
mersed in  water,  or  any  other  transparent  dense  fluid,  appears  larger 
than  when  seen  in  the  air. 

As  the  atmosphere  diminishes  in  density  very  rapidly  aboye  the 
earth's  surface,  a  man  upon  the  top  of  a  steeple  or  tower  looks  much 
smaller  than  when  seen  at  an  equal  distance  on  level  ground ;  and  an 
object  at  the  foot  of  the  tower,  will,  for  the  same  reason,  appear  larger 
when  viewed  from  the  top  than  if  placed  at  the  top  of  the  tower  and 
viewed  from  below. 
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444.  Penoils  of  light  tzmnranltted  Uucngh  pUuam  gbM.— Kba 
a  pencil  of  light  is  transmitted  through  a  plane  gbas,  the  fiicM  cf  tki 
emergent  rays  is  removed  from  the  foone  of  the  inddeDt  laja,  in  thi 
direction  that  the  light  is  movingp  a  dislanoe  equal  to  the  qaolifll 
arising  from  dividing  the  thiokneet  of  tha  i^am  hj  the  index  of  nft» 
Ition,  and  multipljing  the  quotient  bj  tha 
index  of  refraction  diminished  bj  unity. 

Let  a  peaoil  of  light  ML  upon  a  plane 
glMS,  fig.  846,  ao  that  QA  ■hall  be  perpea- 
dionlar  to  the  larfkoe  of  the  glan,  and  Q  P 
an  obliqae  ray,  Q  A  will  be  tranimitted  in  tha 
line  Q  A  B  withoat  deriation,  and  Q  P  will 
be  refracted  in  the  dioMtion  9'  P  By  and 
emerge  in  the  direetion  f  B,  9  being  the  foona 
of  the  emergent  rayi.    Let  QA»-«i,^A-b«'B9-b«^  and  A  B  ■■  C 

By  the  formula  already  demonatratad  (448),  if  the  p«n^  is  small  ^  —  m; 
and  if  the  panoU  had  entered  the  othar  sida  ef  the  phite^  sonTwging  to  9^  wa  shedl 
haye, 

Bq'^n.Bq;    or,  I  +  w' —  «v  —  I -|.  mi, 


Hence  «  »  a  4.  -,  by  which  the  position  of  ^  is  deiarmined.    Tha  displaeaawt 


ofthefoonB  Q9 -at  BQ  — B9  —  «-f  I 


— '(-i)-"-^' 


rtate 


Or  tbe  rays  direrge,  after  emerging  firom  the  glass,  from  a  point  i 
glass  than  the  focus  of  tbe  incident  rays. 

If  we  suppose  the  rays  to  proceed  in  the  opposite  direction,  we  shall  baTO  tbe 
case  of  a  converging  pencil,  and  the  focns  of  the  rays  after  emergence  wHl  bo 
more  distant  from  the  first  surface  of  the  glass  than  before.  In  both  caaes  tbe 
focus  of  the  rays  is  remored  in  the  same  direction  that  the  light  is  proceeding. 
If  we  take  the  case  of  plate  glass,.for  which  »  es  |,  the  distance  to  which  the 
focns  is  remoTod  is  equal  to  ^  the  thickness  of  the  glass. 

III.  REFRACTION  AT  CURYBD  SURFACIS. 

445.  Prinoiplea  determining  the  foci  of  lenaea. — A  doable 
convex  lens  may  be  regarded  as  composed  of  a  number  of  segments  of 
prisms,  the  faces  of  each 
prism  more  inclined  as 
we  proceed  from  the 
centre  to  the  borders  of 
the  lens,  as  shown  in  fig. 
347.  The  central  por- 
tion, abed,  may  be  re- 
garded as  a  plane  glass,  having  its  faces,  a  c,  6 12,  paraUel,  ag/b  has 
its  Demo,  ag,  inclined  towards /d^  and  the  triangular  prism,  ghf^  has 
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its  ikies  still  more  inclined.  Now  since  the  deyiation  of  any  ray  pass- 
ing throQgh  a  prism  increases  as  the  inclination  of  the  two  faces  of  the 
prion  increases,  si  will  deviate  more  than  # »,  and  if  the  form  of  each 
^rim  is  properly  adjusted  to  its  distance  from  the  axis,  M  N,  the  rays, 
«^  and  #1^  or  aoj  namber  of  rays,  may  be  made  to  meet  at  a  common 
|»ml»B,intliemzisMN. 

If  the  segments  of  prisms,  of  which  we  suppose  each  a  lens  to  be 
sonposed,  are  made  anficienily  small,  so  that  each  face  shall  receive 
bvi  a  sin^  raj  of  lif^t,  the  sides  of  the  successive  prisms  will  form  a 
ngolar  eorre,  wbieb,  if  the  lens  be  of  small  diameter,  will  correspond 
•loost  ezaelly  with  a  segment  of  a  sphere. 

On  aoeoonl  of  the  great  difficulty  of  grinding  lenses  with  any  other 
than  spherical  or  plane  surfaces,  other  forms  are  seldom  employed,  and 
require  no  dieoossion  in  an  elementary  work. 

44ft.  flmsll  penoiUi  of  light  refiraoted  at  a  apherioal  anr&oe 
have  the  position  of  their  S48 

im  ehanged. 

Lei  PAP',  flg.  M8,  be  af  ^ -tt^p^^^^ 

isave«  i^lierieal  sarflMe  of  a  | 

tose  medium  0  bdng  the 

<nte«  of  evrvatiure  of  the 

4mm  nediam,  Q  the  foeos  of 

^  laetdeBi  rays,  and  g'  the  foeos  of  the  refraeted  rays.    Let  Q  A  9'  be  the  ray 

wUeh  eatet*  the  medinm  perpendienlar  to  its  lurfiMe,  and  Q  P  another  ray  which 

b  raflraeled  in  P  f ',  so  •■  to  meet  Q  A  eontinned  in  9'.  Draw  0  P  N  perpendienlar 

to  the  enrved  surfiMO  throngh  the  centre  of  onrvstnre  and  point  of  incidence. 

We  shall  then  have  the  angle  of  inoidence  «  »  Q  P  N,  the  angle  of  refraction 
t*  «-  ^  P  O.    Let  P  0  A  »  o,  then  from  the  triangle,  Q  0  P,  we  have  :— 

Sin.  «  :  sin.  o  »  Q  0  :  Q  P, 
■ad  from  the  triangle,  q*  0  P,  we  have :— 

Sin.  o  :  sin.  «'  «-  9'  P  :  q*  0. 
By  eompoemdiag  these  proportions  we  have : — 

sin.t                QO      ^'P           QO         ^ 
dri'""*""QP^5'0'    "^''QP^Vp 
Sinee  the  peneil  of  rays  is  very  small,  we  may  consider  Q  P  «»  Q  A,  and 
f'P  —  g'  A  nearly.    Let  Q  A  »-  «,  9' A  —  «',  A  0  «  r,  then  the  last  formula 
u4-r          u*  —  r                                                 »«  — 11 
-,  which  may  be  redneed  to  -  — . 


u  w 

If  we  snppose  Q  to  be  sitnated  at  an  infinite  distance  from  A,  the  incident 
rays  will  be  paralM,  and  we  shall  have  «  =s  infinity,  and  :— 

;?~"7"'   •'•  "-;-i--^- 

n         n         \ 
Ifakhig  this  value  of  «'  =/',  the  general  formnla  will  be  -  =  -  —  ~. 
80  a        y       a 
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Refraction  at  a  oonoaTO  anzfiuw*— If  th«  nuflm  of  tht  4 

is  oonoare,  m  sboim  in  llg.  849,  lei  Q,  m 
before,  be  the  foouB  of  the  ineident  raji,  ^ 
the  Tirtaal  focui  of  the  reflraeted  rajf,  Mid  0 
the  eentre  of  onrratue.  Then  the  eagle  of 
inoidencets  QPO;  the  angle  of  refrMtloD 
f'.-BPN— f'PO;lettheaaglePOA  — 0. 
In  the  triangle  Q  P  0  we  hare  :— 

8iB.<:ain.e=rQ0 
and  firom  the  triangle  jf'  P  0  we  hare : — 

8in.o:ain.i^  =  f'P:f'0. 
Combining  theie  proportioni  we  hare : — 

■in.<  _^v?l?  5L2—    ?1? 

•in.t'""*'"QP^j'0'    *'*  QP^V^* 

The  peneil  being  maU,  we  may  put  Q  A  =  Q  P,  and  f'  A  ^  i'  P  Mirij,  wk 
patting  Q  A  =  «,  j'  A  =  •'»  and  0  A  =  r,  we  hare : — 

QO  9'0  t»  — r         «'— r 

QA         g'A'  M  a' 

«        « —  1       1        »        1 

Prom  thia  we  obtain   -  = f- -  =  — •  -|-  ••  fai  whloh />  reprwiti  Ai 

▼alne  «'  when  «  =  inflnitj,  or  the  ineident  rays  are  paraUeL 

We  may  take  the  general  formola  fior  refraotion  at  a  oonTax  wiftei 
of  a  dense  medium,  and,  bj  applying  proper  yalaes  to  the  lettraa,  dedMi 
formulfld  for  all  other  cases,  whether  the  mediom  be  denae  or  race,  tad 
the  refracting  surface  convex  or  concave. 

»     ,     ^        ,    n       n  —  1      1 

In  the  formula  ->  =  —  — -, 

we  have  supposed  the  yalae  of  u  measared  from  the  convex  sorfiuse  of 
the  dense  medium,  in  the  direction  A  Q  in  the  rarer  medimn.  OaDiag 
this  direction  positive,  if  the  focus  of  incident  rays  vrere  taken  in  Hm 
dense  medium  u  should  be  considered  negative ;  vf  has  been  reckoned 
positive  when  measured  in  the  dense  medium,  therefore  if  it  is  mearared 
in  the  rare  medium,  as  in  the  example  of  the  concave  dense  sorfteey  it 
should  be  reckoned  negative ;  we  idso  reckon  r  positive  when  it  lies  in 
the  dense  medium,  and  negative  when  it  lies  in  the  rare  mediam. 

Therefore,  to  apply  the  general  ibrmola  for  a  eonvex  sarfiMO  of  a  < 
to  the  case  where  the  incident  rayi  oonverge  to  a  foeni  in  the  denie  i 

n        a  — 1        1 
we  make  u  negative,  and  the  fdrmma  beoomet   —  ss  —  J — . 

a'  r  « 

To  adi^t  the  formola  to  the  oaee  of  diverging  rays  refracted  at  tiM  eeaeaft 


r 
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fplMrie»l  sorCaoe  of  a  dense  medinm,  we  make  r  negative,  and  the  formula  becomes 

•  »— 1       1 

«  = ,  which  ihows  that  %'  \a  essentially  negative,  or  that  it  lies 

M  tbe  Mine  sicto  of  the  rvfraeting  sorfaoe  as  the  centre  of  curyatnre. 

n         n  —  l        1 

If  tlMn  wt  ehaam  the  lUni  of  «'  in  the  formula,  it  hecomes  --  = 1 — . 

«'  r  « 

b  wUeh  «'  reproMDti  the  dif  tanoe  of  the  focus  of  refracted  rays  measured  in  the 

tinetioB  of  the  larer  mediom.    This  formula  is  the  same  as  was  deduced  ttam 

1^  MS,  wh«n  the  aame  oonditions  were  applied  to  the  analysis  of  the  diagram. 

To  spply  tho  formula  to  the  ease  of  rays  of  light  proceeding  from  a  dense  to 

•  itfw  mediuB,  we  have  hut  to  let «  and  u'  ehange  places  in  the  formula,  and 
ikaage  the  sign  of  r.  Maiking  these  changes  in  the  general  formula  for  a  convex 
MriiMe  of  a  dense  saedkuiiy  the  formula  for  diyerging  rays  refracted  at  a  conrez 
MriiMe  of  a  rare  medium  will  heoome : — 


«— 1       1        1  n       «— 1 

,or-= . 

a'  »  r 


.#»' 


The  formula  for  direrging  rays,  refracted  at  a  eoncave  surfiMM  of  a  rare 
Mdinm  (Vy  ttsailar  ohanges),  wiU  become  —  3=s  . 


«'       a  r 

The  formula  for  eonTorging  rays  issuing  ttom  a  oomvex  surface  of  a  dense 

BMwIiiiai,  or,  which  is  the  same  thing,  entering  a  concave  surface  of  a  rare  medium, 

«        «  — 1       1 

win  heooae s= iwf  befaog  the  focus  of  rays  traversing  the  dense 

IT  r  • 

mediuDy  and  v  the  foeus  of  rays  issuing  ttom  a  dense  medium  or  entering  a  rare 


447.  Aotioii  of  a  double  oonvez  lens  upon  small  pencils  of 
light. — Let  P  A  P'  B,  fig.  350,  be  a  double  convex  lens,  of  which  r  is  the  radius 
of  the  irst  surfkoe,  and  •  the  350 

radius  of  the  second  surface. 
Let  Q  be  the  focus  of  the  inoi-  .^^A?-^.^ 

dent  rays,  ^  the  foeus  of  the  '^^^^^^^^^^jTx        ""* — "---_ 

rays  after  refraction  at  the    y?::::;;;;^] /<C^ — al     L        ^^^^^^^ 

flxst  sorfooe  of  the  lens,  and  *^ 

f  the  foeus  of  the  rays  as  they  \j^ 

emerge  frvm  the  second  sur- 

foee  of  the  lens.    Also,  let  Q  A  =  «,  A  9'  =  m',  B  9  =  v,  and  the  thickness  of 

theleasABst 

n         n  — 1       1 
After  reft«ction  at  the  first  surface,  we  shall  have  (446)  —  = . 

«'  r  « 

n          a— 1       1 
By  refraction  at  the  second  surface,  we  have  (44<J)  —  .g— ;  = -• 

If  the  thickness  of  the  lens  is  so  small  that  when  compared  witii  B  q'  it  may  be 
M^eeted,  we  make  B  g'  =  A  g'  <=  v'  nearly ;  adding  the  two  preceding  equaUons; 

a-1       »-l        11^1        ^        ,v  /I    ,    M       ^ 
0  = 1 .      Or  -  =(«  —  !)  (-4--) • 
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1                    1                       /I        1\  1 

For  parallel  rays,  u  =  infinity,  -  =  0,  and  -=(n  —  1)(  — I —  1.  m 

u                     V                        \r        t  /  ■ 


Let  /=  this  valae  of  v  when  the  Incident  rays  are  parallel,  and  the  gtntnl 

111 

formula  for  a  double  conTez  lens  beeomes  —  :^  — > . 

9       /        u 

If  t  is  small,  but  not  small  enough  to  be  neglected,  we  shall  hare  :— 

n  n  «         »l  /nt*  \ 

but  as  I*  must  be  very  small  compared  with  «'*,  the  quantity  contained  ii  tki 
brackets  may  be  neglected ;  hence, 

n        nt        n — 1       1      n        n  —  1        1 
••'••'*  ff  •      n*  r  « 

1  /I        1\        I         Mf 

Adding  and  transposing,  -  =  (»  —  1)  (  — 1-~) h  "Hi 

V  \r        §  J        u        n" 

1  ut         f    /w  —  l        1^\« 


w  — 1 


1         1       1         I    /«  — 1        1  \« 
And  -=- +  -( )  . 


ConoloBions  dedaoed.— AnalTsia. — 1.  ParaUd  rays  of  light  (tS^ 
ing  upon  a  convex  lens,  A  B,  fig.  351,  will  be  refracted  to  aome  point, 
as  F,  on  the  other  side  of  851 

the  lens.  The  distance  of 
the  focus,  F,  from  the  lens, 
will  depend  upon  the  amount 
of  curyature,  and  also  upon 
the  refractive  power  of  the  substance,  of  which  the  lens  is  composed. 
If  the  two  surfaces  of  the  lens  have  the  same  curvature,  and  the  index 
of  refraction,  as  for  ordinary  glass,  is  one  and  a  half,  the  focus  of 
parallel  rays,  called  the  principal  foctis,  will  be  at  a  distance  from  the 
lens  equal  to  the  radius  of  curvature  of  either  surface  of  the  lens. 

1                    /I       1\       1  S 

In  the  formula  -  =  (»  —  1)  I  -  H —  J ^,  let »  =  -,  the  index  of  rafirae- 

tion  for  ordinary  glass,  then  since  the  incident  rays  are  supposed  to  b«  parallel, 

1 
M  =  00,  and  -  =  0,  and  if  the  two  surfaces  of  the  lens  hare  the  same  onrrators^ 


1        1/1        1\        1 

•  =  t,  and  the  formula  becomes  -  =  -(  — I —  )  :=_  — 

V        2\r         rj        r 


«  =:  r,  or  F  the 


focus  of  parallel  rays  is  at  a  distance  from  the  lens  eqnal  to  the  radios  of 
curratore. 


r 
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%  dvKrging  ray$. — If  the  rays  falling  upon  the  lens  come  from  a 
point,  R,  at  a  distance  from  the  lens  equal  to  twice  the  principal  focus, 
tbej  will  coDTerge  to  a  point,  S,  at  an  equal  distance  on  the  other  side 
of  the  lens. 

It  vQl  be  easily  leen  from  fig.  351,  that  the  angles,  X  and  Z,  are  equal  to 
Meh  other  (being  the  alternate  angles  formed  by  the  straight  line,  R  A,  meeting 
two  iwnllel  lines),  and  also  that  the  angles,  X  and  0,  are  equal.  In  the 
MiBglfl^  ASF,  the  sides,  F  A  and  F S,  are  eqnal,  henee  the  angles,  0  and  T, 
m  tqosl,  and  T  equals  SE,  therefore  if  the  incident  ray  is  bent  inward  to  a  dis- 
dsM  represented  by  the  angle,  Z,  the  refiraoted  ray  must  be  bent  oatward  by  aa 
iqisl  lagle^  T,  by  which  means  the  radiant  point  is  remored  from  F,  the  princi- 
|il  fbeos  of  parcel  rays,  to  8,  which  is  at  double  the  distance  of  F. 

Iha  fbnnula  shows  the  same  thing.    Making  ti  =:  2r,  we  find  9  =  2r. 
If  the  radiant  point  is  taken  more  distant  than  R,  as  at  V,  fig.  352,  the 


eoDJogate  fooos  will  be  remoyed  firom  S,  to  some  point,  T,  between  S 
ind  the  principal  fooos. 

The  fbtmnla  will  then  giye  —  = r— ;r  ;—>«-;  or  »  <  2r. 

3.  Convergiiig  ray», — If  rays  of  light  falling  upon  the  lens,  A  B,  fig. 
353^  oonverge  towards  a  point,  Y,  be-  353 

fore  refraction,  they  will  oonyerge, 
after  refraction,  towards  a  point,  T, 
between  the  principal  focus,  F,  and  the 
lens.  Conversely,  if  rays  of  light 
diverge  from  a  point,  T,  between  the 
lens  and  its  principal  focus,  they  will  diyerge  after  passing  through 
the  lens,  from  a  rirtnal  focus,  Y,  more  distant  than  the  principal  focus. 
In  the  first  case  u  becomes  essentially  negative,  and  with  the  same 

▼aloes  of  n,  r,  and  9  the  formula  becomes  -  =  -  4-  -;  and  as  -  is 

V      r       u  V 

greater  than  -^  v  must  be  less  than  /  hence  T  lies  between  the  princi- 
pal focos  and  the  lens. 

4.  Plano-convex  lenses, — The  action  of  a  plano-conyez  lens  is  in 
general  the  same  as  that  of  the  dooble  conyez  lens,  but  its  foci  are  at 
dooble  the  distance,  the  principal  focos  being  at  a  distance  eqoal  to 
twice  the  radios  of  the  corved  sorfaoe. 
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zu 


To  adopt  thd^fbrmaU  to  this  cue,  we  make  f»  =  }•  and  r=  o^Imm 

-  = ,    If  the  rays  are  parallel,  -  =  0,  and  v,  or/=  2f. 

448.  Aotion  of  a  double  oonoaTtt  lens  upon  amall  penoflioC 
Ught.— Let  P  A  PV  B|^  fig. 
864,  be  a  doable  ooneave  leni 
of  ft  dense  medhimy  r  being  the 
ndioa  of  the  fln t  nuftkoe  and  t 
the  radiut  of  the  teeond  tiirfeee. 
Let  Q  be  the  fooai  of  the  inoi- 
dent  rayg,  q*  the  foeni  of  the  g^/ 
rays  after  refiraetioB  at  the  flnt  ^ 
larfaoe,  and  q  the  foeni  of  the 

emergent  rayi  pH,  p^W.    LetQA  =  «sAf'  =  M%  69  =  9,  and  AB=l 
According  to  the  formula  for  refraotioB  at  a  ooneaTe  deoae  farfbee  (441)  >- 
a        a— 1   .  1 

and  by  the  formula  for  raji  emerging  flrom  a  eoneaTo  dmio  torfoee, 
a  a  — 1   .  1 

3?=* — r"+7- 

If  the  thicknesa  of  the  lent  is  eo  tmall  that  when  compared  with  BfUmMj 
be  neglected,  and  that  we  may  oonftider  B  ^  =  A  f'  =:  a',  combining  these  tvt 


equations  we  1 
If  the  thickness  of  the  lens  is  too  great  to  be  negleeted,  we  ind  hj  ^bm  1 


1  /I       1  \       1      ^     1       I        1 

,ha.e-  =  (-l)(-+-)4--.    0'.-=^+-. 

)kness  of  the  lens  is  too  great  to  be  neglec 

1       1       1        «  /  "   \' 

method  as  for  a  conyez  lens  — =s--|-  — I  — =-  I 

V      /      »        a  \a'"  /' 

This  formula  for  the  double  ooncaTe  lens  may  be  dedneed  direetly  from  tbt 
formula  for  the  double  couTex  lens,  by  substituting  in  that  formula  for  r  aai 
9,  —  r  and  —  9,  and  as  the  yalue  of  9  would  then  be  negatiTe,  ehanging  that 
sign  also  when  its  positire  yalue  is  reokoned  on  the  same  side  as  a. 

Conclaaions  deduoed  from  analysla. — ^A  ooneaTe  lens  prodaoee, 
apon  rays  of  light  transmitted  through  it»  an  855 

effeot  the  opposite  of  that  produced  by  a  con- 
vex lens. 

1.  Para220l  7»y#of  light,  transmitted  through ; 
a  double  concaye  lens,  diverge  from  a  yirtual . 
focus  in  front  of  the  lens,  as  shown  in  fig. 
355 ;  the  virtual  focus  being  at  the  oentre  of  the  sphere  of  whidi  tin 
first  surface  forms  a  part    This  is  its  principal  foeos. 

2.  Diverging  rayt, — ^If  the  radiant  point  is  more  distant  than  the  pria- 
cipal  focus,  as  at  B,  fig.  356,  the  virtual 
conjugate  focus,  A,  will  be  between  the 
principal  focus,  F,  and  the  surface  of  the 
lens,  and  the  rays  will  diverge  after  re- 
fraction. 

3.  Converging  royt,  tfaaanittAd  ^^iroui^  %  Qon!eiK«^Mnfl^^^riQBk\f^lMt^ 


SM 


f 

I 
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dered  less  convergent,   parallel,  or  divergent,  depending  upon  the 
<Ii«t*nce  of  the   point  towards  which  they  converge  before  entering 
the  lens. 
Thf  ftbore  propositions  are  easily  proved  by  reference  to  the  formula  for  a 

*wW«eon«avo  lens,  -  =  («  —  1)  (--f--)-] • 

•  \r         •/        « 

449.  Roles  for  determining  the  foci  of  lenses. — When  lenses 
are  msde  of  glass  whose  refractive  index  is  one  and  a  half,  their  foci 
nsj  be  determined  by  the  following  rules : — 

Ride  for  the  Principal  Focus. 
Divide  twice  the  prodoot  of  the  radii  by  their  difference,  for  the 
meoiiciis  and  ooncaTO-convez  lenses,  and  by  their  sum,  for  the  double 
oooTex  and  doable  concave  lenses.  The  quotient  will  give  the  focus  for 
parallel  rays.  The  focus  of  paraUel  rays,  or  principal  focus,  of  the 
plaDo-convez  or  plano-concave  lens,  is  double  the  radius  of  curvature. 

BuU  for  Ike  Qn^ugote  Focus,  when  the  Focus  of  the  Lmdeni  Rays  is 

gioen. 
Multiply  the  length  of  the  principal  focus,  with  its  proper  sign,  by 
the  focus  of  the  incident  rays,  and  divide  the  product  by  the  difference 
between  the  principal  focos  and  the  focus  of  incident  rays,  and  the 
quotient  will  be  equal  to  the  conjugate  focus. 

If  the  distaoee  of  the  focns  of  incident  rays  is  less  than  the  prineipal  foons, 
the  value  of  the  ooigngate  focus  will  be  positive,  and  it  will  lie  on  the  same  side 
of  the  lens  as  the  focus  of  incident  rays ;  but  if  the  value  of  the  focus  of  inci- 
dent rays  i«  greater  than  the  principal  foons,  the  value  of  the  conjugate  focus 
will  be  negative,  and  the  focus  of  refracted  rays  will  lie  on  the  other  side  of  the 
leas. 

450.  Combined  lenses.— If  two  convex  lenses,  A  A,  B  B,  are  placed 
near  together,  as  in  fig.  357,  their  com-  867 

bined  focns  will  be  shorter  than  that' 
of  either  lens  used  alone. 


Let  parallel  rays  be  refraeted  by  the  first " 
leas,  A  A,  to  a  focus  at  N ;  represent  the  distance  of  this  point  from  the  first  lens 
bj/%  and  let  the  distance  between  the  lenses  be  represented  by  a,  let/"  repre- 
sent the  eorresponding  focal  length  of  the  second  lens  for  parallel  rays,  and 
/  the  distanee  of  the  focus  L  from  the  second  lens.    In  the  general  formula 

-  =s ,  eonsidered  w.th  reference  to  the  second  lens,  a  =  —  (/'  —  a\  and 

w       /        u 

/beeomas/",  ^^=*ft  »nd  we  have : — 

1     \_      1  r  X  (/^  - «) 

7^/"  "♦"/'-«    •'•    -^^•/"^./'-a 
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If  the  distance  between  the  lenses  is  nothing,  then  for  the  focus  of  pinlU 

/"  X/' 
rays,  /=  -j-^ For  rays  not  parallel,  the  formula  will  be:— 

1  ^  i   ,  _L-  =  1  4.  _JLz£_ 

When  the  lensec  are  in  contact,  —  =:  — | *    For  any  number  of  kuH 

1        1,1.1,1,^  1        ,/l\       1 

In  co„Uo,-  =  -  +  _+_+^+*c.,--^2  (-)--. 

451.  Oblique  pencils,  when  transmitted  th'roagh  lenses,  have  their 
fooi  in  secondary  axes,  and  their  foci  are  determined  by  the  same  rvki 
as  the  foci  of  direct  pencils  in  the  principal  axis. 

It  has  been  shown,  in  {  439,  that  a  ray  of  light  transmitted  throu^  • 
prism  in  a  direction  parallel  to  its  base,  suffsn  the  least  deTiation  possiUs; 
hence  in  every  other  position  the  deriatlon  is  increased.  From  this  principle  H 
follows  that  the  fooi  of  oblique  pencils  transmitted  through  lenses  will  be  sobi> 
what  shorter  than  the  foci  of  dhrect  pencils.  This  fact  requires  oonsideratioa  b 
the  formation  of  the  images  of  large  objects.     (See  {  466.) 

452.  The  optical  centre  of  a  lena  is  a  point  so  sitoatod  thai  tfvy 
ray  of  light  passing  through  it  will  368 

undergo  equal  and  opposite  refrac- 
tion on  entering  and  leaving  the 
lens.  It  will,  therefore,  be  found 
where  a  line  joining  the  extremi- 
ties of  two  parallel  radii  of  the 
opposite  surfaces  cuts  the  axis  of 
the  lens. 

Let  S  P  R  Q,  fig.  358,  be  a  ray  of  light  passing  through  a  double  eonrex  1 
so  that  the  radii  0'  P,  0  R,  drawn  from  the  points  of  incidence  and  ( 
are  parallel.    Let  C  be  the  point  where  this  ray  intersects  the  axis  of  the  leu. 
The  triangles  0'  C  P,  0  C  R,  are  similar,  hence  :— 

0'P:0'C  =OR:OC; 
O'P  — O'CrOR  — OC  =  0'P:OR; 

AC:BC-=0'P:OR; 

AC  4- BO  :  O'P -f  OR  =  AC:  O'P. 

Putting  O'P  =  r,  OR  ==  «,  and  AB  =  (. 

AC:<  =  r:r-f«    .••    AC  = ,    B C  = 

If  the  lens  were  double  conoaye,  r  and  •  both  become  negattre,  but  the  tsIbss 
of  A  C  and  B  C  remain  unchanged.  Since  these  values  are  both  positive  and 
constant,  whatever  may  be  the  positions  of  the  points  P  and  R,  the  optical 
oentre  of  a  double  convex  or  double  concave  lens  will  be  a  fixed  point  in  the 
lens.    For  a  plano-convex  or  plano-concave  lensy  r=  oo,  A0  =  ^BC:30i 


F 
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Aeopdeal  eentr*  will  be  at  tlie  interseotion  of  the  axis  with  the  eurred  surface. 
For  a  meoiflcus,  either  r  or  «  will  be  negatiye,  and  the  formal»  show  that  in 
tbt  ease  the  optical  centre  will  be  situated  without  the  lens  at  a  point  depend- 
bg  npoD  the  relatiTe  Talues  of  the  two  radiL 

All  nys  of  light  passing  through  the  optical  centre  emerge  from  the 
leu  parallel  to  the  incident  rays.  The  position,  form,  and  foci  of  all 
pncils  of  light  passing  through  a  lens  are  determined  hy  their  relation 
tomme  line,  or  secondary  axis,  passing  through  the  optical  centre  of 
tbe  lens,  whether  any  ray  of  light  from  the  radiant  point  actually 
ptsMs  through  that  centre  or  not 

453.  Inuicaa  Umnmd  by  lenaea. — If  an  object  is  placed  before  a 
eooTtx  lens  at  a  greater  distance  than  the  principal  focus,  an  image  of 
tibe  olgeei  will  be  formed  on  the  other  side  of  the  lens. 

If  from  tha  •ztremitiM  of  the  olijeet  A  B,  flg.  359,  the  leoondary  axei,  A  a, 
Bh,mn  drawn  through  the  optieal  eentre  of  the  359 

hM^  the  iBage  will  be  formed  between  these 
asM  prolonged,  at  a  distance  equal  to  the  eon- 
jagato  foeaa  of  the  Ism,  estimated  sepaiately  for 
tv«ry  point  of  the  object  If  the  obi)eet  la  placed 
Wjeod  the  principal  focni,  and  at  less  than 
twice  this  distance^  the  image  will  be  more  distant  and  larger  than  the  object 
If  the  olideet  reeedes  firom  the  lens,  the  image  will  approach  it  When  the 
el^leeft  is  nmowd  from  the  lens,  more  than  twice  the  principal  focus,  the  image 
will  be  smaller  than  the  ol^Ject  and  it  will  gradually  approach  the  lens,  and 
diminish  in  siae  as  the  object  recedes.  The  image  can  never  approach  nearer  u> 
the  lens  than  the  principal  focus.  The  linear  magnitude  of  tiie  image  as  com- 
pared with  the  object  will  be  proportional  to  their  respeotiTc  distances  from  the 
lens.  360 

If  the  olirjeet  is  placed  nearer  to  the  lens  than  the  * 
principal  focus,  as  A  B,  flg.  360,  the  rays  will 
direrge  after  passing  the  lens,  and  a  virtual  image, 
a  h,  will  be  formed  on  the  same  side  of  the  lens  as 
the  object  The  virtual  image  formed  by  a  convex 
lens  is  always  larger  than  the  object 

If  an  object,  A  B,  fig.  361,  is  placed  before  a  concave  lens,  the  rays  from 
every  point  of  the  object  will  diverge  ailer  refraction  more  than  they  did 
before  entering  the  lens ;  consequently  a  virtual  361 

imofe,  smaller  than  the  object,  will  be  formed  on  «— ::=:^^^^k 

the  same  side  of  the  lens.  The  sise  of  the  virtual  -^^^^^I^^^!^^^^^^^  | 
imaj^  will  be  in  proportion  to  its  distance  from  "^^^^^[^  1 
the  lens.  .^^"""^  1. 

454.  Spherical  aberration  of  lenaea.— It  has  been  assumed  that 
spherical  lenses  bring  rays  of  light  issuing  from  a  point  to  a  sensible 
focus.  For  many  purposes,  however,  greater  accuracy  is  required, 
and  ii  beoomee  necessary  fo  consider  thf  imperfections  of  spherical 
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If  the  diameter  of  the  lens  V  W,  fig.  362,  is  large  in  proportion  to  itf 
radius  of  curvature,  rays  of  parallel  light 
will  not  be  brought  to  an  accurate  focus, 
but  while  the  central  rays  cross  the  axis  at . 
F,  the  extreme  rays  will  intersect  the  axis  - 
at  G,  and  intermediate  rays  will  intersect  [ 
the  axis  at  every  possible  point  between  < 
F  and  G.  The  distance,  F  G,  is  called  the  longUudmdl  spherieol  tAem- 
Hon  of  the  lens. 

For  lonaes  of  small  aperiare,  the  aberration  i«  neariy  in  proportion  to  the  iqun 
of  the  angular  aperture  of  the  lens ;  but  for  lenses  of  larger  aperture,  the  than- 
tion  increases  more  rapidly  than  would  be  required  by  this  proportion.  If  tbt 
length  of  the  principal  focus  be  taken  as  unity,  the  longitudinal  aberration  for 
lenses  of  different  angular  apertures  will  be  as  follows : — 
For  Ib^  the  aberration  will  be  0025, 
It   22®    "         «  "    "  0*062, 

«    80**    "         **  "    "  0*160, 

it    45©    t*         it  it    «  0*376. 

This  effect  of  spherical  lenses  causes  images  to  be  formed  at  every  poiit 
between  F  and  G,  the  rays  going  firom  each  image,  more  or  less  interfering  witk 
the  distinctness  of  all  the  others. 

The  amount  of  spherical  aberration  depends  riso  on  the  form  and  position  of 
lenses.    If  n  =  index  of  refraction,  r  =  the  radius  of  the  anterior  surface,  u^ 
B  =  the  radius  of  the  posterior  surface,  then  for  parallel  rays,  the  form  of  tosrt 
aberration  will  be  expressed  by  the  following  equation : — 
r        4-|-n~2w« 
S""      2n»-f-n    * 

If  n  =  Hf  the  form  of  least  aberration  will  be  a  lens  whose  surfaces  hsTt 
their  radii  in  the  proportion  of  I  to  6,  the  side  of  deeper  currature  being  towtrdi 
parallel  rays.  If  the  spherical  aberration  of  such  a  lens,  in  its  beet  position,  ii 
taken  as  unity,  the  aberration  of  other  lenses  will  be  as  follows  :— 

Plano-convex  with  plane  surface  towards  distant  objecte,  4*2. 

Plano-convex  with  convex  surface  towards  distant  objects,  1*081. 

Plano-concave  the  same  as  plano-convex. 

Double  convex  or  double  concave  with  both  fiboes  of  the  same  ourrature,  tiM 
aberration  will  be  1*667. 

The  spherical  aberration  of  a  convex  lens  is  called  poniive,  and  thi 
aberration  of  a  concave  lens  is  called  negative  because  it  is  in  in 
opposite  direction  from  that  produced  by  a  convex  lens. 

Accurate  estimate  of  apherioal  aberration.* — To  estimate  with 
accifracy  the  amount  of  spherical  aberration  in  any  given  case,  it  b 
necessary  to  calculate  the  exact  course  of  a  ray  which  falls  upon  the 
border  of  the  lens. 

«  Miorosoopioal  Journal,  Vol.  VIII.  p.  21. 
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Im  a  C,  fig.  363,  be  a  section  of  a  curved  refracting  surface  in  the  plane  of 
nfnetioD,  Q  C  f  being  its  axis.     The  refractive  index  =  n.    Here  the  distance 
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QC«f  tbendiaiit  point  from  the  refraoting  snrfkoe  is  given.    Also  C  D  and 

DA  eo-ordinatee  of  the  point  A.    Hence,  also  the  normal  A  E  and  snb-nonnal 

DI Biay  be  foBsd.    Let  A  $  be  the  refracted  ray  required,  cutting  Q  C  9  in  9. 

Now  tin.  iaeidenoe  istosin.  ABC  =  QE:QA. 

Sin.  B  is  to  tin.  refraction  =  9  A  :  9  E. 

qA    QA 
.'.  Sin.  incidence  :  sin.  refraction  s=  m  :  1  ==  ^  :  —--• 

9E    QE 

oA       ekQA 
.•.  —  =  -— -  =  c,    (a  known  quantity). 

.•.yA«  =  c«.yE*. 

i.«.,       9E*  +  EA*-f29E.ED»  e*.9E'. 

.-.  (c»— 1)  jB'  —  JED.jE  =  B  A*. 


2BD     _         BA^ 

-1 

(c«  — 1)BA« 


•^»'~?iri-««  =  ?iri- 


{B  D    )  *  B  D« 

.-.  9 B  rs  — —  j  B  D  d:  |/ED«  +  (c*--T)BA«  I  . 

From  this  formula  the  accurate  value  of  9  E  for  any  surface  may  be  calculated. 

455.  Aberration  of  sphericity ;  diatortion  of  images. — When  a 
straight  object  is  placed  before  a  lens,  the  extremities  of  the  object  not 
bang  in  the  principal  axis,  if  the  images  of  the  extreme  points  are 
formed  in  the  secondary  axes  at  the  same  distance  from  the  optical 
centre  of  the  lens,  as  the  central  portions  of  the  image,  the  image  will 
not  be  straight,  but  formed  on  a  curve,  the  centre  of  which  is  at  the 
optical  centre  of  the  lens,  as  a^  I/,  fig.  364.  But  as  an  object  recedes 
from  the  lens,  the  image  will  364 

approach  it,  therefore  as  A  and 
B  are  more  distant  from  the 
lens  than  the  centre  of  the^ 
olgect^  the  extremities  of  the* 
image  most  be  nearer  than  the '' 
centre,  and  instead  of  a^  C  y,  we 
■hall  ha?e  the  image  a^^  G  l/^ 
dtfloribed  aroond  a  centre,  somewhere  between  the  lens  and  the  centre 
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of  the  image.  Oblique  pencils  are  also  more  strongly  refracted  tiita 
pencils  which  belong  to  the  principal  axis ;  hence  this  cause  must  teod 
to  curve  the  image  still  more.  This  curvature,  or  distortion  of  images, 
is  called  aberration  of  sphericity.  For  ordinary  purposes  this  imperfee* 
tion  of  lenses  may  be  disregarded.  The  practical  method  of  overooming 
these  difficulties  will  be  best  explained  in  conneotion  with  the  dflterip* 
tioD  of  achromatic  lenses. 

]  4.  Chromatios. 

456.  Analysis  of  light. — Spectmin. — Primazy  oolozs. — ^A  bm 

of  sunlight,  S  H,  fig.  365,  admitted  into  a  dark  chamber,  thros^  i 
small  opening  in  the  shutter,  £,  forma  865 

a  round  white  spot,  P,  upon  a  screen  or 
any  other  object  upon  which  it  ^Edls. 
If  a  triangular  prism,  B  A  C,  is  inter- . 
posed  in  its  path,  as  shown  in  the  figure, ; 
the  light  will  be  refracted  both  on  enter- 
ing and  leaving  the  prism,  but  instead 
of  forming  only  a  circular  white  spot  on 
the  screen,  M  N,  it  will  be  spread  over 
a  considerable  space  from  S  to  K,  called  the  Molar  jpednmi,  in  wlueh 
will  be  seen  all  the  colors  of  the  rainbow.  Beginning  with  the  ookr 
most  refracted,  they  are  violet,  indigo,  Uuc,  green^  yeUoi»,  oitmye,  ud 
red. 

If  an  opening  is  made  in  the  screen  so  as  to  permit  only  the  rays  of 
a  single  color  to  pass,  and  we  attempt  to  analyse  this  color  by  pasoDg 
it  through  a  second  prism,  we  find  it  cannot  be  further  decomposed  by 
refraction ;  hence  the  colors  of  the  solar  spectrum  produced  by  tbe 
refraction  of  a  triangular  prism  are  generally  called  primary  colon. 

457.  Recomposition  of  white  light. — If  a  second  prism,  A  Bo, 
exactly  similar  to  B  A  G,  is  placed  behind  the  first,  but  in  a  reversed 
position,  as  shown  in  the  figure,  the  differently  colored  rays  will  be  le* 
united  and  form  white  light  at  P,  ^as  though  no  prism  had  been  used. 

Moreover,  if,  instead  of  the  second  prism,  a  double  convex  lens  is  so 
placed  as  to  receive  the  colored  rays  and  converge  them  to  a  fi>ea8,  ft 
round  spot  of  white  light  will  be  again  formed  in  the  focus  of  the  lena 

If  colored  powders  are  mixed  in  the  proportions  that  the  several  oolon  oeeaiij 
in  the  solar  speotnim,  the  color  of  the  compound  will  be  a  grayish  white.  TkUL 
the  resulting  color  is  not  pure  white  is  probably  owing  to  the  faet  thai  we  eumot 
procure  artificial  colors  that  will  accurately  represent  the  colors  of  the  sdsr 
spectrum. 

458.  Analysis  of  colors  by  absorption. — Although  the  oolors  of 
the  prismatic  spectrum  cannot  be  further  divided  by  refraotioo,  1 
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Im  AowB,  that  maj  of  the  eokm  may  be  ettll  farther  deoompoaed  b> 
fca—JMioB  throng^  Tarioody  eolored  gbss.  He  thus  ascertained  thai 
fd,  pBom,  and  filne  light  are  found  in  yarioos  proportions  in  all  parts 
tf  Iha  tpeetmm,  and  that  any  other  color  whatever  may  be  formed  by 
mUtik  eombinatioDS  of  these  three.  Brewster  and  other  eminent 
fUloiopIien  ha^  hence  inferred  that  there  are  really  only  three  pri- 
utry  coion^  red,  yellow,  and  blue. 

Dr.  TooDf  eomidered  rod,  gnva,  snd  riolet,  primary  colon.  According  to 
HmeM,  my  threo  edon  of  the  ipoetram  may  be  taken  as  primary,  and  all 
ilh«  eofen  may  be  oompoiinded  from  them,  with  the  addition  of  a  eertain 
iMnt  ef  white.  The  diatinetion  of  oolors  into  primary  and  lecondary,  should 
ttmfora  be  considered  to  a  certain  extent  as  arbitrary,  and  as  adopted  prinei- 
|tll|7  fcr  conTttlenee  of  iUnstration. 

459.  Complemeiitary  colon. — ^Any  two  oolors  which  by  their 
uioD  would  prodnce  white  li^t,  are  said  to  be  complementary  to  eaci 
otber.  If  we  take  away  from  the  solar  spectrum  any  color  whatever, 
we  may  reunite  all  the  remaining  colors,  by  means  of  a  double  convex 
k&8,  or  by  a  second  prism,  and  the  resulting  color  will  obviously  be 
eomplementary  to  the  first,  because  it  is  just  what  the  first  wants  to 
make  white  light.    In  this  manner  it  is  found  that, 

Red  is  complementazy  to Qreen. 

Violet  red         "  " Yellowish  green. 

Violet  •'  " Yellow. 

Violet  blue       "  "      ......    Orange  yellow. 

Blue  "  " Orange. 

Greenish  blue  "  " Reddish  orange. 

Black*  "  " White. 

The  sukgect  of  harmony  and  contrast  of  colon,  will  be  treated  in  connection 
Uh  the  phenomena  of  vision. 

460.  Propertiea  of  the  aolar  apectmm. — In  the  solar  spectrum 
lere  are  found  three  distinct  properties  which  exist  in  various  degrees 
'  intensity  in  the  differently  colored  rays.  See  fig.  368. 
(a)  Luminaut  rays. — According  to  Herschel,  Fraunhofer,  and  others, 
ia  found  that  the  maximum  illuminating  power  resides  in  the  yellow 
ya,  and  the  minimum  in  the  violet. 

(6)  OahrifiCf  or  heating  rays. — The  position  of  greatest  intensity  for 
m  ealorific  rays  varies  with  the  nature  of  the  material  of  the  prism 
ith  which  the  spectrum  has  been  produced.  In  the  spectrum  pro- 
locd  by  a  prism  of  crotm  glass,  the  greatest  heating  power  is  found 
,  the  paU  red.  If  a  prism  filled  with  water  is  used,  the  greatest 
MttiDg  power  is  found  connected  with  the  yeUow  rays.  If  the  prism 
filled  with  ateohol,  the  greatest  heat  is  connected  with  the  artmge 
SI 
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yellow.     With  prisms,  formed  of  highly  refracting  gems,  the  maximi 
heating  power  is  found  beyond  the  red  ray,     Flint  glass  resembles  tb© 
gems  in  this  respect. 

(c)  Chemical  rays. — In  a  great  variety  of  phenomena,  solar  light  ict» 
as  a  chemical  agent.  Under  the  influence  of  solar  light,  plants  deooa* 
pose  carbonic  acid,  evolving  pure  oxygen,  and  most  vegetable  ooloniA 
destroyed ;  phosphorus  is  changed  to  its  red  or  amorphous  state,  lai 
loses  its  power  of  omitting  light ;  chlorine  and  hydrogen  may  be  nfelj 
mixed  in  the  dark,  but  combine  with  an  explosion  when  exposed  to 
the  sun's  light ;  the  green  color  of  plants  disappears  in  the  dark,  ud 
the  nature  of  the  vegetable  juices  is  changed  when  withdrawn  bm 
the  chemical  action  of  light ;  and  the  wonderful  pheDomena  of  pic- 
tography depend  upon  the  action  of  light  npon  sensidve  diemiodl 
substances. 

The  maximum  chemical  effect,  produced  by  solar  light,  appean  to 
be  connected  with  the  violet  rays,  or  with  rays  between  the  violet  ud 
the  blue.  Some  chemical  effect  is  produced  by  rays  refracted  entirely 
beyond  the  extreme  border  of  the  visible  violet  rays.  The  loDodtr 
light  of  Herschel  results  from  the  concentration  of  the  so-called  inw 
ble  rays,  beyond  the  border  of  the  violet.  A  large  convex  lens  gatfaen 
these  otherwise  invisible  rays  into  a  faint  beam  of  layender  ooknd 
light. 

461.  Fraunhofer'a  dark  lines  in  the  aolar  apeotrnm. — ^In  1802, 
Dr.  Wollaston  first  discovered  the  existence  of  dark  lines  in  the  aokr 
spectrum,  but  the  discovery  excited  no  special  attention,  and  wai 
applied  to  no  practical  purpose. 

Unacquainted  with  Wollaston's  observations,  the  late  celebrated 
Fraunhofer,  of  Munich,  rediscovered  the  dark  lines  of  the  spectnun, 
now  distinguished  as  Fraunhofer's  dark  lines.  Viewing  through  i 
telescope  the  spectrum  formed  from  a  narrow  line  of  solar  light,  by 
the  finest  prisms  of  flint  glass,  he  noticed  that  its  surface  was  crossed 
by  dark  lines  of  various  breadths.  None  of  these  lines  coincide  with 
the  boundaries  of  the  colored  spaces. 

From  the  distinctness  and  ease  with  which  they  may  be  found  and 
identified,  seven  of  these  lines  have  been  distinguished  by  Fraunhofer 
by  the  letters  B,  G,  D,  £,  F,  G,  H.  Numerous  other  lines — varying 
from  COO  to  2000  in  number,  according  to  the  power  of  the  telescope 
with  which  they  are  viewed — have  since  been  counted  in  the  solar 
spectrum. 

To  view  these  lines  with  the  naked  eye,  a  ray  of  sunlight  is  admitted  into  a 
dark  chamber  through  narrow  openings  in  two  screens,  one  placed  behind  the 
other,  as  shown  in  fig.  366,  and  is  then  refracted  by  a  prism  of  the  piurwl  fliat 
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TIm  Vlam,  or  toiM  of  them,  will  then  be  eeen  on  the  screen.  The  poiitions 
linet  in  Ifao  oolond  ipMet  of  the  ipeetruni  i«  perfectly  definite,  bat  their 
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^istaaeei  from  eaeh  other  rary  with  the  nabstanoe  of  which  the  prism  is  formed. 

Prof.  0.  N.  Bood  etatef  (Am.  Joar.  Sou  [2]  XVII.  429),  that  fine  flint  glass 
prisma  are  by  no  means  indispensable  for  yiewing  the  fixed  lines,  as  he  found  no 
prism  among  twelre  in  a  oandelabmm  which  did  not  show  several  of  them. 

Fig.  867  shows  the  arrangement  of  the  dark  lines  in  the  spectrum,  formed  by 
prisms  of  flint  and  erown  glass,  and  also  by  a  prism  filled  with  water.  These 
dark  lines  answer  the  important  purpose  of  landmarks  for  determining  the 
indices  of  refraction  for  Tarioss  snbstanoea.  The  exact  limits  of  the  several 
colors  in  the  spectmm  are  not  well  defined,  but  the  dark  lines  establish  defiuito 
points  from  which  the  practical  optician  estimates  the  refractive  power  of  any 
BMdiom,  and  also  the  comparative  reft«ngibility  of  the  differently  colored  rayn 
in  which  the  dark  lines  occupy  fixed  positions. 

Lines  in  light  from  different  eoarcee. — In  the  spectrum  produced 
by  the  light  of  the  sun,  whether  reflected  by  the  moon  or  planets,  or  from  tbo 
clouds  or  any  terrestrial  object,  the  position  of  the  dark  lines  is  invariable.  But 
the  light  of  the  stars  differs  from  that  of  the  sun,  and  the  light  of  ono  star  dif 
fera  from  other  stars  in  regard  to  the  number  and  position  of  the  dark  lines  in 
the  spectrum.  Electrical  light,  and  the  light  of  flames  produced  by  any  burn- 
ing body  whatever,  give  bright  lines  instead  of  the  dark  lines  in  tbc  spectrun 
formed  by  solar  or  stellar  light 

The  relation  of  the  dark  lines  to  the  colors  of  the  spectrum  is  rHowii 
in  fig.  368.  B  lies  in  the  red  portion  near  the  end;  C  is  farther 
advanced  in  the  red ;  D  in  the  orange  is  a  strong  double  line  easilj 
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recognised ;  £  in  the  green ;  F  in  the  bloe ;  G  in  the  indigo ;  and  li  in 
the  violet  Besides  these,  there  are  also  others  very  remarkable  ;  thus 
6  is  a  triple  line  in  the  green,  between  £  and  F,  consisting  of  three 
strong  line6»  of  which  two  are  nearer  each  other  than  the  third";  A  is 
in  the  estmne  border  of  the  red,  and  a  is  a  band  of  delicate  linos 
lAandB.    . 
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462.  Fixed  lines  in  the  spectra  from  various  colored 
— It  is  well  known  to  chemists  that  characteristic  colors  are  iiujiartfri 
to  tlie  flame  of  alcohol  by  the  salts  of  various  metals.  It  has  been 
lately  observed  that  the  spectra  from  flames  thus  colored  ponen 
characteristic  fixed  lines.  Thus  the  spectrum  of  a  soda  flame  is  chan^ 
terized  by  two  bright  lines  in  the  position  of  the  two  dark  lines  at  D  in 
the  solar  spectrum.  Lithium  gives  a  brilliant  red  line  between  B  tnd 
C,  and  potash  salts  give  bright  lines  corresponding  to  the  dtrk 
lines  A  a  B  shown  in  fig.  368.  The  spectrum  from  lime  (in  thi 
Drummond  light)  gives  at  first  two  bright  lines  like  salts  of  sodiiw, 
which  however  soon  disappear  as  the  heat  is  continued ;  bat  if  la 
alcohol-sodium  flame  is  held  in  the  path  of  the  rays,  two  dark  fimi 
assume  the  place  of  the  original  bright  lines  in  this  spectrum,  eorroh 
ponding  exactly  in  position  to  the  two  dark  lines  D  of  the  solar  spectmn. 

These  variously-colored  flames  held  in  the  path  of  the  rays  prodaciDg 
the  solar  spectrum  render  the  dark  lines  more  distinct  although  tiuM 
flames  alone  would  produce  bright  lines. 

From  similar  observations  Kircho£f  deduces  the  inference  HuA  tin 
sun's  atmosphere  contains  compounds  of  sodium  and  pottissium  but  no 
lithium.* 

463.  Intensity  of  laminoos.  oalorifio.  and  chemioal  rajs^ 
Fig.  368  also  shows  how  the  intensity  of  the  luminous,  calorific,  tnd 
chemical  rays,  varies  in  different  parts  of  the  spectra lu.  Th«*  greateit 
illuminating  power  resides  in  the  yellow  part  of  the  spectrum.  Tbe 
heating  power  is  almost  entirely  absent  in  the  violet  and  the  blue,  where 
the  chemical  agency  is  at  its  maximum,  and  it  is  greatest  beyond  the  rvJ, 
and  extends  a  considerable  distance,  where  no  illu  <  heuiicnl 
power  is  ordinarily  manifest.  The  relative  positions  of  the  maximum 
illuminating,  chemical,  and  heating  powers  of  the  solar  spectrum,  vary 
somewhat  with  the  nature  of  the  substance  composing  the  prism  with 
which  the  spectrum  has  been  produced. 

464.  Refraction  and  dispeniion  of  the  solar  spectnun. — Kaly- 
chromatios. — If  a  glass  tube,  retort  neck,  drinking  glass,  or  any 
similar  instrument  of  glass,  be  held  in  the  path  of  the  colored  raji 
from  a  triangular  prism  in  a  dark  chamber,  a  beautiful  system  of 
colored  rings  will  be  formed,  varying  their  form,  position,  and  color, 
with  every  change  in  the  position  or  form  of  the  glass  interposed. 

This  experiftient  exhibits,  in  a  surprising  and  agreeable  maDnflr» 
the  wonderful  resources  of  color  contained  in  the  solar  beam.  Lan- 
guage fails  to  express  the  exquisite  and  wonderful  beauty  of  this 
simple  experiment,  involving  only  the  refraction  and  dispersion  of  tht 


*  Monthly  notices  of  the  BetUti  K.Q»d«Qi5,  lESQ^  y,  663. 
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•olaripectnim.     Kalyckramatics  (from  the  Greek  for  beautiful  colors) 
\u  been  suggested  as  a  word  to  distinguish  these  phenomena. 

465.  Chromatio  aborration. — When  rays  of  ordinary  white  light 
in  refracted  by  a  lens  of  any  form,  consisting  of  a  single  transparent 
■•inteDee  like  glam,  or  a  transparent  gem,  the  rays  are  each  acted  upon 
Mbjaprisni,  aad  dispersed  into  all  the  colors  of  the  polar  spectrum. 

ThiiaflMt  is  shown  by  fig.  369,  where  V  is  the  focus  of  the  violet  rajs  which 
•n  BOft  rafraeted,  aad  R  is  the  focus  of  red  369 

i^iwfaieh  ara  leaai  refraeted.  A  riolet  image 
bAriMd  at  Y,  aad  a  red  image  at  R,  and  as 
tia  sdwr  eolors  are  situated  between  the  riolet 
aid  tbe  lad,  aU  the  space  between  V  and  R  is 
issopisd  by   Imagei  of  intermediate  colors. 
If  an  image  of  a  point  or  line  is  formed  at  V, 
id  Mior  will  be  riolet,  but  it  will  be  surrounded  by  fringes  composed  of  all  the 
aslors  j»f  the  spectrum,  the  outer  border  of  the  fringe^being  red.     This  defect  of 
ill  iiagla  knaes,  formed  of  wbaterer  substance,  is  called  chromatic  aberration. 

466.  Aohromatiam.— We  have  seen,  {  461,  fig.  367.  that  the  spec- 
trum formed  by  flint  glass  is  nearly  twice  as  long  as  that  370 
fitniiad  by  crown  glass.  If  therefore  we  take  a  prism  of 
erown  glass,  A,  fig.  370,  and  another  prism  oflSint  glass, 
B,  haTing  a  refractire  angle  so  much  smaller  than  the 
refraodTe  angle  of  A,  that  the  solar  spectmm  formed  by 
it  will  exactly  equal  in  extent  the  spectrum  formed  by 
the  first  prism,  we  may  place  the  two  prisms  in  opposition, 
as  shown  in  the  figure,  and  the  colored  rays  separated  by  transmis- 
sion through  one  prism,  will  be  exactly  reunited  by  the  other.  The 
light  transmitted  through  the  two  prisms,  thus  placed,  will  therefore 
be  of  the  same  color  as  before  transmission.  But  while  the  color  of  the 
transmitted  light  is  unaltered,  its  direction  will  be  changed  by  about 
one-half  the  refractire  power  of  the  prism  A ;  for  while  the  prism,  B, 
has  neutralised  all  the  dispersion  of  color  produced  by  A,  it  has  neu- 
tralised only  about  half  of  its  refractire  power. 

Applying  these  principles  to  lenses,  a  double  convex  lens  of  crown 
glass,  A  A,  fig.  371,  may  be  united  with  a  plano-concave  lens  of  flint 
glass,  B  B,  having  a  focus  about  double  the  focus  of  the  convex     371 
lens.  These  two  lenses  will  act  like  the  prisms  in  the  preceding 
figure.     The  concave  lens  of  flint  glass  will  correct  the  chro- 
matic aberration  of  the  double  convex  lens  of  crown  glass,  and 
leave  about  one-half  of  the  refractive  power  of  the  convex  lens 
as  the  effective  refracting  power  of  the  compound  lens. 

An  achromatic  lens,  formed  of  a  double  convex  lens  of  crown 
glass,  equally  convex  on  both  sides,  joined  with  a  plano-concave  lens 
81  ♦ 
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of  flint  gla88,  having  its  concaye  side  ground  to  fit  one  side  of  the  doable 
convex  lens,  will  have  the  focus  of  a  simple  planoconvex  lens,  with  its 
convexity  equal  to  one  side  of  the  double  convex  lens. 

4G7.  Formulae  for  achromatiam. — Let  it  be  required  to  determine 
the  forms  of  two  thin  lenses  composed  of  different  media,  which  will 
togetlier  form  a  (.compound  lens  free  from  chromatic  aberration.  In 
this  problem  wc  will  consider  only  two  colors  of  the  spectrum,  as  red 
and  violet. 

Lot  //I  and  »  he  the  indices  of  refraction  for  the  mean  ray  in  the  two  media; 
m'  and  n'  the  indices  for  one  of  the  colored  rays,  and  m"  and  n"  the  reft>aetiTe 
indices  for  tbo  other  ray. 

Let/  and  y^  bo  the  mean  focal  lengths  of  the  two  lenses,  of  which  r  and  •  tail 
r'  and  «'  are  the  radii  of  the  surfaces.  By  the  principles  already  established  wt 
shall  have : — 

i=(,."-i)(i+i)+K.-,)(;-+i)-i. 

Subtracting  the  first  equation  from  the  second. 
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i  5.  Vision. 

468.  Btmotnre  of  the  human  eye. — The  human  eye  is  the  most 
perfect  of  all  optical  instruments.  By  means  of  this  organ,  stimulated 
by  the  light  reflected  or  refracted  from  external  objects,  wo  recognise 
their  preeence,  nearness,  color,  and  form.  Some  knowledge  of  the 
stmctore  and  action  of  the  eye  is  essential  to  a  proper  understanding 
of  the  uses  of  other  optical  instrum^ts. 

The  eye,  situated  in  its  bony  cavity  called  the  orbit,  is  maintained  in 
its  position  by  the  optic  nerre  and  its  sheath,  by  muscles  which  serye 
to  moye  it  or  hold  it  steady  in  any  required  position,  and  by  the  delicate 
membrane  called  the  conjunctiva,  which  covers  its  anterior  surface  and 
lines  the  eyelids.  The  eyelids  serve  to  protect  the  organ  from  external 
injuries,  and  also  to  shut  out  light  which  might  otherwise  be  trouble* 
some  or  injurious  by  its  excess,  or  too  long-continued  action. 

Fig.  372  shows  a  horizontal  section  of  the  eye,  the  lower  part  of  the 
figure  representing  the  side  of  the  eye  towards  the  nose.  The  globe,  or 
ball  of  the  eye,  is  nearly  spherical, 
though  the  anterior  portion  is  more 
convex  than  the  other  portions,  as 
shown  in  the  figure. 

The  principal  portions  of  the  eye   ^ 
which  require  consideration,  are  the  tr 
sclerotic  coat,  the  cornea,  the  choroid  ^ 
coat,  the  retina  and  optic  nerve,  the 
iris,  the  pupil,  the  crystalline  lens, 
the    aqueous    humor,   the  vitreous 
humor,  and  the  hyaloid  membrane. 

The  fclerotic  eoatf  i,  is  a  strong  opaque  atructare,  composed  of  bandies  of 
•trong  whit*  fibres,  interlacing  each  other  in  all  directions.  This  membrane 
covers  about  four-fifths  of  the  ejeball,  and  more  than  any  other  structure,  serves 
to  preserve  the  globular  form  of  the  eye.  It  has  a  posterior  sieve-like  opening,  for 
the  transmission  of  the  fibres  of  the  optic  nerve,  n ;  anteriorly,  a  transparent 
membrane  called  the  contra,  a,  w  set  into  a  groove  in  the  sclerotic  coat,  as  a 
watch  crystal  is  set  in  the  case,  but  these  two  membranes  are  so  firmly  united 
that  they  are  separated  only  with  considerable  difficulty.  The  cornea  is  more 
convex  than  the  sclerotic  coat 

The  choroid  coat,  k,  is  a  strong  vascular  membrane,  lining  the  sclerotic  coat, 
and  covered  internally  by  a  dark  pigment,  the  piymentum  nigrum,  which  pre- 
vents any  reflection  of  light  from  the  internal  parts  of  the  eye. 

The  third,  or  inner  membrane  of  the  eye,  is  the  retina,  m,  which  is  merely  an 
expansion  of  the  optic  nerve,  n,  uniting  it  to  the  brain.  It  is  on  this  delicate 
lining  membrane  (the  retina)  that  the  images  of  external  objects  are  formed. 

The  irie,  </,  which  forms  the  colored  part  of  the  eye,  is  a  dark  annular  curtain 
or  diaphragm,  adht^ent  at  its  outer  margin,  with  a  central  opening  which,  in 
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man.  is  circular  ;  in  cats  aud  the  feline  tribe  geDcrallj  it  is  elongated  TortitMlIj; 
in  the  ox  and  other  ruminating  animals,  in  a  horizontal  direction.  The  central 
n{>ening  of  the  iris,  e,  which  allows  light  to  penetrate  the  eye,  is  called  the  pupil. 
It  varies  froui  one  eighth  to  one-quarter  of  an  inch  in  diameter^  In  a  8Ut>Dg 
li;^ht  the  pupil  <'on tracts,  but  where  the  light  is  diminished  it  ezpsnda. 

Kvery  one  knows  the  sensation  produced  by  entering  a  house  after  spending 
hour."'  in  the  open  air  exposed  to  the  light  of  the  sun  reflected  from  snow.  In 
tliiri  case  the  pupil  hecomus  so  contracted,  and  the  eye  so  accustomed  to  a  stroo;; 
li;;ht,  that  ohjects  within  doors  are  almost  invisible  until  the  pupil  expand*  ami 
t!ie  eye  recovers  its  sensitiveness  in  ordinary  light.  The  movements  of  the  iri.^ 
are  invohmtary. 

The  pupil  of  the  owl  is  so  very  largo  that  it  sees  distinctly  at  night,  while  in 
the  day-tin)e  the  pupil  cannot  contract  enough  to  protect  the  eye  from  the  blind- 
in<;  etl'ect  of  the  solar  rays,  and  hence  the  owl  is  nearly  blind  by  day. 

The  vryiVdlinr  ltH»,/,  is  a  transparent  body,  placed  behind  the  iris  and  verv 
near  to  it;  it  is  enveloped  in  a  transparent  membrane  or  capsule,  which  adherer 
by  its  borders  to  the  ciliary  process,  y.  The  posterior  surface  of  the  crystalline 
lens,  is  more  convex  than  the  anterior.  The  crystalline  lens  is  made  np  uf 
serrated  fibres,  arranged  in  layers  which  increase  in  density  from  the  circnm 
ferenee  to  the  centre  of  the  lens. 

Aqueoiin  humor. — The  space  between  the  cornea  and  the  crystalline  lens  is 
filled  with  a  transparent  liquid  called  the  aqueous  humor.  The  iris  dirides  this 
space  into  two  chambers,  the  anterior  chamber,  6,  between  the  cornea  and  the  irif, 
and  the  posterior  chamber,  c,  between  the  iris  and  the  crystalline  lens.  TheM 
two  chambers  communicate  freely  with  each  other  through  the  pupil,  e.    The 
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km  an  imAge  of  the  point  A  The  rays  of  light  emittci  from  B  form  ita 
iai^  in  the  point  by  and  in  the  lame  manner  every  part  of  the  object,  A  B,  is 
dtUnested  in  the  rery  small  in. age  a  6,  which  is  a  real  image,  inverted,  and 
fenaed  exactly  npon  the  retina. 

470.  loTenion  of  the  image  formed  in  the  eye. — To  prove  that 
t^  image  formed  in  the  eye  is  really  inverted,  take  the  eye  of  an  ox, 
Mtiway  the  poeterior  part  of  the  sclerotic  and  choroid  coats ;  fix  the 
cje  thus  prepared  in  ao  opening  in  the  shutter  of  a  dark  chamber,  and 
bok  at  it  with  the  aid  of  a  magnifying  glass,  when  external  objects 
will  be  sem  beaatifally  delineated  in  an  inverted  position,  on  the  retina 
•t  the  poeterior  part  of  the  eye. 

PkilMopbera  and  physiologists  have  proposed  various  theories  to  explain  how 
ti  euM  to  perceive  objects  erect,  when  their  images  in  the  eye  are  actually 
broted.  The  moat  rational  of  these  theories  are  the  two  following :  Ist.  That 
*«  jodge  of  the  relative  position  of  objects,  or  of  different  parte  of  the  same 
ol{|eety  by  the  direction  in  which  the  rays  come  to  the  eye,  the  mind  tracing 
Hktm  back  from  the  eye  towards  the  object  2d.  That  the  image  formed  on  the 
i«tfai%  gives  correct  ideas  of  the  relation  of  external  objects  to  each  other;  up 
•mi  dowB  being,  in  reference  to  impressions  on  the  retina  or  brain,  merely  the 
teladvie  direetions  of  the  iky  and  earth ;  and  we  see  all  bodies,  including  our 
•WB  persons,  occupying  the  same  relations  to  these  fixed  directions  as  our  other 
•nees  demonstrate  that  they  really  occupy. 

471.  Optic  ude. — Optic  angle. — ^The  principal  axis  of  the  eye, 
eilM  the  cpiie  axis,  is  its  axis  of  figure,  or  the  right  line  poising 
thnmgh  the  eye  in  such  a  position  that  the  eye  is  symmetrictil  on  all 
ndes  of  it.  In  a  well  formed  eye  this  is  a  right  line,  passing  through 
the  centre  of  the  cornea,  the  centre  of  the  pupil,  and  the  centre  of  the 
crystalline  lens,  as  0  o,  fig.  373.  The  lines  A  a,  B  6,  which  are  sensi- 
bly right  lines,  are  secondary  axes.  Objects  are  seen  most  distinctly 
in  the  principal  optic  axis. 

When  both  eyes  are  directed  towards  the  same  object,  the  angle 
formed  by  lines  drawn  from  the  two  eyes  to  the  object,  is  called  the 
apUe  angle,  or  the  binocular  paraUax, 

To  appreciate  this  difference  of  direction,  look  at  two  objects  that  are  situated 
in  a  line  with  one  eye,  the  other  being  closed ;  then,  without  moving  the  head, 
look  at  the  same  objects  with  the  other  eye,  and  the  objects  will  not  both  appear 
in  the  same  line,  but  will  seem  suddenly  to  change  their  positions.  By  such 
ezperimente  it  wUl  readily  be  found  that  some  persons  see  principally  with  the 
right,  and  others  chiefly  with  tiike  left  eye,  when  both  eyes  are  open.  Others 
will  find  that  a  part  of  the  time  the  direction  of  objects  is  determined  by  one 
«  eye,  and  part  of  the  time  by  the  other.  374 

472.  Visual    angle. — The    angle 
formed  between  two  lines  drawn  from  ^ 
the  eye  to  the  two  extremities  of  an 
oljeet,  is  called  the  vitual  angle,  as  A  0  B,  fig.  374.     If  the  object  is 
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remcTed  to  twice  the  distance,  the  visaal  angle  A^  0  B' will  be  oi 
one-half  as  great  as  A  O  B,  and  the  breadth  of  the  imaj^  furmed  ( 
the  retina  will  be  proportion  ally  decreased. 

The  apparent  linear  magniindti  of  an  object  is  in  inrerte  proportion  to  I 
difltanco  from  the  eye,  or  in  direct  proportion  to  the  Tisnal  angle.  The  apperei^ 
•uperjieial  mngnitHde  is  always  the  Bqnare  of  tiie  i^parent  linear  magnitude,  w 
if  in  inTorse  proportion  to  the  square  of  the  distance. 

473.  The  brightness  of  the  ocular  image  of  any  object  will  be 
in  direct  proportion  to  the  intensity  of  the  light  emanating  from  etek 
point  in  the  object. 

The  amount  of  light  received  by  the  eye  from  any  point  in  the  objed, 
or  from  the  entire  object,  will  be  inversely  as  the  sqaare  of  the  dittmce, 
and  directly  as  the  intensity  of  the  light  from  each  point  (413).  Bat 
the  superficial  magnitude  of  the  image  will  diminish  as  the  square  of 
the  distance  increases:  Hence,  the  apparent  brightness  of  the  image  wdl 
remain  constant^  whatever  may  be  the  distance  of  the  object. 

As  the  object  recedes  from  the  eye,  the  siie  of  the  image  formed  on  the  retiai 
diminishes,  the  details  of  the  varions  parts  become  crowded  together,  and  oily 
the  bolder  outlines  occupy  sufficient  space  to  make  a  sensible  impression,  or  Is 
be  clearly  discerned. 

475.  Conditions  of  distinct  vision. — It  may  be  stated  in  geneni, 
that  two  conditions  are  essential  to  distinct  vision.  Int.  That  an  object 
should  be  situated  at  such  a  distance  as  to  form  on  the  retina  an  imij^ 
of  some  appreciable  magnitude.  2d.  That  the  object  shall  be  nf- 
ciently  illuminated  to  produce  a  distinct  impression  upon  the  retina. 

The  dietanee  at  which  an  object  can  he  teen  varies  Vith  the  color  of  the  oli|ae^ 
and  the  amount  of  illumination.  A  white  object  illuminated  by  the  light  of  tks 
sun  can  be  seen  at  a  distance  of  17,260  times  its  own  diameter.  A  red  olg<el 
illuminated  by  the  direct  light  of  the  sun  can  be  seen  only  about  half  as  fsr  if 
though  it  were  white,  and  blue  at  a  distance  somewhat  less.  Objects  iUnminated 
by  ordinary  day-light  can  be  seen  only  about  half  as  great  a  distance  as  vhei 
illuminated  by  the  direct  rays  of  the  sun.  The  smallest  visual  angle  ante 
which  an  object  can  be  seen  with  the  naked  eye,  is  estimated  at  twelve  seeondi. 
All  these  calculations  will  vary  for  different  eyes. 

Persons  having  dark-colcred  eyes  can  generally  see  much  farther  than  thsw 
who  have  light-colored  eyes.  Those  whose  eyes  are  trained  to  view  distiat 
objects,  as  sailors  and  surveyors,  will  see  objects  that  are  far  too  distant  to  be 
seen  by  the  eyes  of  inexperienced  persons. 

476.  Background. — The  distance  at  which  the  outline  of  any  objeei 
can  be  distinguished,  depends  very  much  upon  the  color  of  adjacent* 
objects,  or  of  the  background  on  which  the  object  appears  projected. 
Objects  are  most  distinctly  seen  when  the  color  of  adjacent  objects,  or 
the  background,  presents  a  strong  contrast  to  the  colors  of  the  olgeol 
we  wish  to  see. 
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Coiartd  M*|^»«lt.->Jr<Mr  aigntX  flagi  uaed  at  M»y  tlie  colors  r^d,  yellow,  blue,  and 
mkif  are  amployed,  becaiue  thay  are  readily  «Ustingoished,  and  are  easily  seen, 
with  the  water  or  the  iky  for  a  haekgronnd.  For  railroad  signali,  the  colon 
re^  white,  and  bluek  are  mof  tly  osed. 

477.  SnSotonoy  of  lUuminiitioii.— It  is  not  enough  for  distinct 
Tiaion,  that  a  well-defined  image  of  the  object  shall  be  formed  on  the 
retina.  Thin  image  most  be  eafficiently  illuminated  to  affect  the  senses, 
and  at  the  same  time  not  to  intensely  illaminated  as  to  overpower  the 
orgpm.  An  image  may  be  so  faint  as  to  produce  no  sensation,  or  it  may 
be  so  intensely  brilliant  as  to  dassle  the  eye,  destroy  the  distinctness 
of  yision,  and  prodnoe  absolate  pain. 

When  we  look  at  the  meridian  son,  its  light  is  so  brilliant  as  to  orerpover 
the  eye  and  render  it  impossible  even  to  see  distinctly  the  solar  disc,  bat  if  a 
■afieient  stratun  of  Taper  or  a  oolored  or  smoked  glass  is  interposed,  we  see  a 
well-deflned  image  of  the  son. 

Many  stars  are  so  distant  that  the  rays  which  enter  the  popil,  when  conTcrged 
to  a  point  on  the  retin%  prodnee  no  appreeiable  sensation,  bat  when  the  amoant 
of  light  from  the  same  stars  fidling  apon  a  large  lens  is  concentrated  upon  the 
retina,  it  prodaees  sensation,  and  the  stars  become  risible. 

On  passing  fW>m  a  dark  room  to  one  brilliantly  illaminated,  or  on  going 
ont  into  the  open  air  at  night  f^om  a  well-illaminated  room,  the  sensations 
experienced  are  owing  partly  to  the  contraction  and  expansion  of  the  iris,  as 
explained  in  |  468,  and  also  to  the  fact  that  the  teMtbiUty  of  the  retina  is 
diminished  by  long  exposure  to  intense  light,  and  increased  by  remaining  a  long 
time  in  feeble  light. 

478.  Diatanoe  of  diatinot  viaion. — Although  the  human  eye  is 
capable  of  seeing  objects  at  both  great  and  small  distances,  most  per- 
sons, when  they  wish  to  see  the  minute  structure  of  an  object  clearly, 
instinctively  place  it  at  a  distance  of  from  six  to  ten  inches  from  the 
eye.  This  point,  called  the  limit  of  distinct  visiout  sometimes  varies  for 
the  two  eyes  of  the  same  person.  Persons  who  see  objects  at  very 
short  distances  are  called  near-sighted,  while  those  who  see  objects  dis- 
tinctly only  at  greater  distances,  are  said  to  be  long-sighted. 

479.  Viaual  raya  nearly  parallel. — When  we  consider  that  the 
diameter  of  the  pupil,  when  the  eye  is  adjusted  for  viewing  near  objects, 
is  only  about  one-tenth  of  an  inch,  if  we  take  the  limit  of  distinct  vision 
at  six  inches,  it  will  be  found  that  the  cone  of  rays  entering  the  eye, 
from  any  single  point,  is  included  within  an  angle  of  one  degree  If 
we  take  the  limit  of  distinct  vision  at  ten  inches,  the  angular  divergence 
«f  the  cone  of  rays  entering  the  eye  from  a  single  point  will  be  little 
more  than  half  a  degree.  In  either  case,  therefore,  the  rays  differ  but 
slightly  from  parallel  rays.  For  all  objects  more  remote,  the  rays  may 
properly  be  considered  as  parallel.  Distinct  vision  is  therefore  obtained 
only  by  rays  that  are  sensibly  parallel  or  very  slightly  divergent^ 
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480.  Adaptation  of  the  eye  to  different  distances.— Altboogfi 
there  is  a  definite  distance  at  which  minute  objects  are  most  distinctly 
seen,  the  eye  has  a  wonderful  facility  of  adapting  itself  to  Tiewini 
objects  at  different  distances. 

Lot  two  similar  objects  be  place<l,  one  three  feet  from  the  eje  lyad  tbo  otlier  i( 
a  distance  of  six  feet:  If  the  eye  is  fixed  steadily  apon  the  nearer  object  fort 
few  moments,  it  will  be  distinctly  seen,  while  the  more  remote  object  will  ^mv 
indistinct,  but  if  the  eye  is  steadily  fixed  upcn  the  remote  object,  that  otjjcct 
will  soon  be  clearly  seen,  and  the  nearer  object  will  appear  indistinct.  We  dm 
see  that  either  the  converging  power  of  the  eye  is  subject  to  rapid  rariatiw.or 
that  the  distance  of  the  crystalline  lens  from  the  retina  is  changeable.  Tk 
moans  by  which  the  oye  thus  rapidly  adapts  itself  to  viewing  objects  at  dilbicat 
distances,  have  not  been  satisfactorily  determined. 

481.  Appreciation  of  distance  and  magnitude: — Aerial  ptr- 
spective. — The  appreciation  of  the  distance  and  magnitude  of  objwti 
is  entirely  a  matter  of  unconscious  training,  or  education,  and  depsodi 
upon  a  variety  of  circumstances,  as  the  visual  angle,  optic  angle,  cud- 
parison  with  familiar  objects,  distinctness,  or  dimness  of  the  inuge 
caused  by  intervening  air  or  vapor. 

When  the  magnitude  of  an  object  is  known,  as  the  height  of  a  man,  a  hovi^ 
07  a  tree,  the  visual  angle  under  which  it  is  seen  enables  us  to  i^preciate  its  dif- 
tance.  If  its  magnitude  is  unknown,  we  judge  of  its  size  by  comparing  it  with 
other  familiar  objects  situated  at  the  same  distance. 

In  viewing  a  range  of  buildings,  or  a  row  of  trees,  the  visual  angle  deciesM 
as  the  distuDce  increases,  and  the  objects  decrease  in  apparent  size  in  the  mat 
proportion,  but  tbo  habit  of  viewing  the  houses  or  trees,  and  their  known  altitndf, 
causes  us  to  correct  the  impression  produced  by  the  visual  angle,  so  that  Uiej  do 
not  appear  to  decrease  in  size  as  fast  as  their  distance  increases. 

Thus,  when  distant  mountains  are  seen  under  a  very  small  visual  angki 
occupying  but  a  small  space  in  the  field  of  view,  being  accustomed  to  aerial  per* 
spectivo,  we  unconsciously  restore  to  some  extent  their  real  magnitude. 

The  optic  angle,  or  binocular  parallax,  is  an  essential  element  in  appreciatiag 
diistancos.  This  angle  increases  or  diminishes  inversely  as  the  distance;  tlw 
movement  of  the  eyes  required,  to  caufte  the  optic  axes  of  the  two  eyes  to  con- 
verge upon  any  object  which  we  are  viewing,  gives  us  an  idea  of  its  distuKC 
It  is  only  by  habit  that  we  appreciate  the  relation  between  the  distance  of  sd 
object  and  the  corresponding  movement,  required  to  direct  both  eyes  npon  it 

Perfect  vision  cannot  then  be  obtained  without  two  eyes,  as  it  is  by  the  qob* 
binod  eflect  of  the  images  produced  on  the  retina'  of  both  eyes,  and  the  difJESWit 
angles  under  which  objects  arc  observed,  that  a  judgment  is  formed  respeotiac 
their  solidity  and  distances. 

A  man  restored  to  sight  by  couching  cannot  tell  the  form  of  a  body  withoat 
touching  it,  until  his  judgment  has  been  matured  by  experience,  although  a  per- 
fect imago  may  be  formed  on  the  retina  of  each  eye.  A  man  with  only  one  cj« 
cannot  readily  distinguish  the  form  of  a  body  which  he  had  never  previously 
Boen,  but  quickly  and  unwittingly  moves  his  head  from  side  to  side,  so  thatkii 
one  eye  may  alternately  occupy  the  different  positions  of  a  right  and  a  lefleyt; 
and,  if  we  approach  a  candle  with  one  oye  shuty  and  then  attempt  to  snuff  i^  m 
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tfaoM  Bon  dIAmillj  than  we  might  hart  expected,  beoaoie  the  nnuJ 
Atiaiaiiig  the  eoneet  diitenee  li  wanting. 

pbialj  have  so  notioni  of  diitaneei  and  magnitude!  till  taught  oj 
and  eompariaoB  of  optical  appearaneea  with  the  sense  of  tonch. 

infle  wlBlon  with  two  eyes. — ^When  both  ejes  are  directed 
le  objeet^  images  are  prodaced  in  both  eyes,  and  the  inquiry 
itaral  why  all  olijeets  thus  seen  do  not  appear  double  7  Pass- 
ich  learning  bestowed  on  this  subject,  the  simplest  and  most 
ry  explanation  of  the  phenomenon  is  deduced  from  the  ana- 
Tuoture  of  the  optic  nerves,  and  their  relations  to  each  other, 
3  brain. 

M  may  be  compared  to  two  branches  issuing  from  a  single 
'hich  every  minute  portion  bifurcates,  so  as  to  send  a  twig  to 
(Mttller.)  The  optic  nerve  from  the  right  lobe  of  the  brain 
ortion  of  its  fibres  to  each  eye,  and  also  sends  some  branches 
d  backward  to  the  left  lobe  of  the  brain.  A  portion  of  the 
e  from  the  right  eye,  instead  of  proceeding  to  the  brain,  curves 
ud  enters  the  optic  nerve  and  the  retina  of  the  left  eye.  In 
manner  the  optic  nerve  arising  from  the  left  lobe  of  the  brain 
ted  with  the  right  eye,  and  sends  branches  also  to  the  left  eye. 
es  of  the  same  nerve  fibres  which  go  to  the  external  side  of 
k  of  one  eye,  go  to  the  internal  side  of  the  other  eye. 

8  that  a  perfect  sympathy  and  oorrespondenoe  is  established  between 
rta  of  both  eyes.  Hence  whatever  object  is  observed,  if  the  optic  axes 
es  are  directed  towards  it,  the  image  is  formed  on  corresponding  por- 
e  retina  in  both  eyes,  and  the  mind  receives  the  impression  of  a  single 
t  the  impression  is  more  vivid  than  if  the  same  object  were  seen  with 
f  e.  So  perfect  is  this  sympathy  between  the  two  eyes,  that  if  one  eyo 
i>osed  to  a  strong  light  the  pnpils  of  both  eyes  contract.  If  one  eye  is 
.nd  protected  from  the  light,  it  snlTers  pain  from  light  entering  only 
eye. 

•ouble  vision. — If  both  eyes  are  fixed  steadily  upon  one 
ly  other  object  seen  at  the  same  time  will  appear  double. 

I  9jta  steadily  npon  the  flame  of  a  lamp  or  candle,  and  a  finger  held 
te  eyes  and  the  light  will  appear  double. 

D  persons,  or  persons  about  falling  asleep,  often  see  objects  double, 
he  inability  to  direct  both  eyes  steadily  upon  the  same  object.  The 
lomena  may  occur  when,  from  any  cause,  the  nerves  irhich  control  the 
e  diseased. 

linoonlar  vision. — A  picture  of  an  object  is  formed  on  the 
each  eye ;  but  although  there  may  be  but  one  object  presented 
0  eyes,  the  picture  formed  on  the  two  retinae  are  not  precisely 
satise  the  object  is  not  observed  from  the  same  point  of  view, 
fht  hand  be  held  at  right  angles  to,  and  at  a  few  inches  from  the  faa% 
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the  back  of  the  hand  will  be  seen  when  viewed  bj  the  right  eye  onl},  udthi 
palm  of  the  band  when  viewed  bj  the  left  eye  only ;  hence  the  inu^  fanMJ 
on  the  retinn  of  the  two  eyes  must  differ,  the  one  including  more  of  the  rif^kt 
■ide,  and  the  other  more  of  the  left  side  of  the  same  solid  or  projecting  :kjfidL 
Again  ;  if  wo  bend  a  card  00  as  to  represent  a  triangular  roof,  place  it  on  thi 
table  with  the  gab^  end  towards  the  eyes,  and  look  at  it,  first  with  one  eyt  tkii 
with  the  other,  quical)  and  alternately  opening  and  dosing  one  of  the  ^yti,  tks 
card  will  appear  to  move  flrom  side  to  side,  because  it  is  seen  by  each  eye  sadir 
a  different  angle  of  vision.     If  we  look  at  the  card  with  the  left  eye  oiil7,tk 
whole  of  the  left  side  of  the  card  will  be  plainly  seen,  while  the  right  sidevtt 
be  thrown  into  shadow.    If  we  next  look  at  the  same  card  with  the  rights 
only,  the  whole  of  the  right  side  of  the  card  will  be  distinctly  visible,  wbilt  tks 
left  side  will  be  thrown  into  shadow ;  and  thus  two  images  of  the  same  oiM 
with  differences  of  outline,  light  and  shade,  will  be  formed,  the  one  on  the  itliu 
of  the  right  eye  and  the  other  on  the  retina  of  the  left     These  inuiges  £iUiig« 
corresponding  parts  of  the  retinsB  convey  to  the  mind  the  imprMsibn  of  a  riigll 
object,  while  experience  having  taught  us,  however  unconscious  the  mind  mtg 
be  of  the  existence  of  two  different  images,  that  the  effect  observed  is  slwi|t 
produced  by  a  body  which  really  stands  out  or  projects,  the  judgment  natsnUy 
determines  the  object  to  be  a  projecting  body.* 

485.  Near-sightedness. — Many  persons  are  unable  to  see  nunsii 
objects  distinctly  unless  they  are  placed  within  three  or  four  inches  of 
the  eye.  Such  persons  are  often  unable  to  see  ordinary  objects  dit 
tinctly  in  a  large  room  or  across  the  street ;  they  are  therefore  ssid  to 
be  near-sighted  (478).  This  defect  is  owing  to  a  too  great  ooDTergest 
power,  the  eye  bringing  parallel  or  slightly  divergent  rays  to  a  fooof 
before  they  reach  the  retina. 

To  secure  distinct  vision  in  such  cases,  it  is  necessary  to  bring  the  ol^ect  m 
near  the  eye  as  to  render  the  rays  entering  the  eye  considerably  divergent,  wbss 
the  image  will  be  formed  on  the  retina.  The  same  object  may  be  accomplisM 
by  placing  a  concave  lens  before  the  eye,  when  the  rays  firom  distant  objects  will 
be  rendered  divergent,  and  the  strong  convergent  power  of  the  eye  will  forn  tks 
image  on  the  retina.  Concave  lenses  for  near-sighted  persons  should  be  raek 
as  have  a  focus  a  little  longer  than  the  distance  at  which  they  see  objeets  Bost 
distinctly. 

486.  Long-sightedness  commonly  occurs  in  old  people,  when  tbi 
eye  becomes  flattened  by  diminution  of  its  fluids,  or  some  struotuitl 
change  in  the  crystalline  lens  occurs,  by  which  its  convergent  power  ii 
diminished.  In  such  cases  the  rays  of  light  tend  to  form  an  inasge 
behind  the  retina,  and  vision  is  most  distinct  when  the  object^  sa  • 
book  when  reading,  is  held  at  a  considerable  distance  from  the  eyes,  so 
as  to  allow  the  image  to  be  formed  on  the  retina. 

This  defect  of  the  eyes,  when  not  accompanied  by  disease,  may  be  entiiety 

*  For  a  discussion  of  this  subject,  see  Profl  W.  B.  Rogers  on  BinoeiiUr  viMoib 
Am.  Jour.  Sei.  [2]  vol.  XZ 
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MNdiedbj  asing  eonyex  glasses,  which  make  up  for  the  diminished  conrerg- 
faf  power  of  the  eyes,  and  bring  the  rays  to  such  a  condition  that  the  eye  is 
milled  to  bring  the  light  from  near  objects  to  a  distinct  focus  upon  the  retina 
Imwh  eases,  howeTer,  the  power  of  accommodating  the  eye  to  different  dis- 
iMeM  if  often  not  as  great  as  in  younger  persons ;  hence  many  people  in 
i^iuuhI  Ufs  find  it  naeaisarj  to  nse  one  set  of  glasses  for  near,  and  another  for 
teatol^Mf. 

487.  Damtioii  of  the  impreoaion  upon  the  retioa. — Every  one 

bowsjthat  e  lighted  stick  whirled  rapidly  aroand  a  circle  appears  like 

•  ring  of  lire.    The  rapidity  of  revelation  required  to  produce  this 

is  one-third  of  a  second  in  a  dark  room,  and  one-sixth  of  a 

by  daylight. 

a  iMtaor  daarta  aerou  the  heavens,  it  appears  to  leave  a  luminous  track 
biUnd  it,  beeaase  tb«  impretston  produced  npon  the  retina  remains  after  the 
fctlaor  has  passed  a  considerable  distance  on  its  way.  The  sigiag  coarse  of  the 
^ghtamg  ^pearSy  for  the  same  reason,  as  a  continuous  track. 

Winking  does  not  interfere  with  distinct  vision,  because  the  continu- 
)  of  the  impression  of  external  objects  on  the  retina  preserves  the 
I  of  continuous  vision. 

488.  Optioal  toys. — Thanmatrope. — ^A  great  number  of  optical 
toys  and  pyrotechnic  exhibitions  owe  fheir  effect  to  the  continuance  of 
the  impression  upon  the  retina,  when  the  object  has  changed  its  place. 

If  a  horse  is  painted  on  one  side  of  a  card  and  a  rider  on  the  other  side,  the 
rapid  rerolntion  of  the  card  canses  the  rider  to  appear  seated  on  the  horse.  In 
the  same  manner,  if  any  object  which  takes  a  variety  of  positions  in  moving  is 
painted  in  raecessive  positions,  at  equal  distances  on  a  revolving  wheel,  so 
arranged  that  one  only  of  the  figures  shall  be  seen  at  a  time,  the  object  is  seen 
performing  all  the  motions  of  real  life.  In  this  manner  a  horse  may  be  made  to 
appear  leaping  a  gate,  or  boys  playing  at  leap-frog.  These  toys  are  called 
tkammatropet  and  anorthoteopta.  Other  toys,  called  phenaki9to»copt§  and  phantan- 
eop«9,  are  Tariations  of  the  same  thing,  combined  with  mirrors  and  other  ingenious 
arrangements  on  the  same  principle. 

489.  Time  required  to  produce  vianal  impreaaiona. — If  an  object 
moves  with  sufficient  velocity,  it  is  entirely  invisible,  its  imago  upon  the 
retina  not  remaining  long  enough  to  produce  any  impression.  This  is 
the  case  with  a  cannon-ball  ur  rifle-ball,  viewed  at  right  angles  to  the 
direction  of  its  flight.  But  if  the  projectile  is  going  from  us,  or  coming 
towards  us,  it  preserves  the  same  direction  long  enough  to  produce  an 
impression.  Motions  dcRcribing  less  than  one  minute  of  arc  in  a  second 
of  time  are  not  appreciable  to  us.  Hence  we  do  not  see  the  movements 
of  the  hour  hand  of  a  clock,  or  of  the  heavenly  bodies. 

490.  Appreciation  of  colon. — Color  blindneaa. — The  power  of 
the  eye  to  distinguish  colors,  varies  greatly  in  different  persons.  Some 
eyea  fail  entirely  in  this  particular,  while  in  every  other  respect  they 
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Are  perfect.  Sach  eyes  are  siud  to  be  eolor-blind  Some  eooljal 
certain  colors,  ae  red  and  green,  while  they  distingaish  others,  orvkili 
they  recognise  all  the  colors  of  the  spectrum,  they  cannot  appneiili 
delicate  shades  of  the  same  color. 

Colors  are  greatly  modified  by  proper  contrast  with  other  solon. 
Thus  the  complementary  colors  mutually  enhance,  while  those  not  sob* 
plementary  diminish  each  other's  beauty  when  contrasted.  The  t 
bility  of  the  eye  is  much  diminished  by  long  inspection  of  any  ( 
and  its  power  of  perceiving  the  complementary  color  is  propordootUj 
increased.  This  principle  is  the  key  to  harmony  of  colors  in  Dttnit 
and  art,  and  serves  to  explain  the  modification  of  color  by  contrtft,tti 
proximity  of  two  or  more  colors. 

491.  Chevreal*a  olaBaifloation  of  ooloia.  and  ohromatio  dia- 
gram.— ^The  chromatic  diagram  of  Ghevreul,  fig.  375,  greatly  facilitstM 

875 
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the  study  of  complementary  colors,  and  the  modifications  produced  bj 
their  mutual  proximity. 

Three  radii  of  a  circle  represent  Brewster's  throe  cardinal  colors,  r«d,  jellov, 
and  blue ;  between  these  are  placed  orange,  groen,  and  violet.  Betwi'cii  thrM 
six  colors  are  placed  reddish  orange,  orange  yellow,  yellowish  preen,  prei  nUli  itli.'. 
violet  blue,  and  violet  red.  We  thus  obtain  twelve  priiiripul  oolcir.-.  vu*  I  i 
which  may  be  again  divided  into  five  suulcs  or  haes,  which  gradually  appnucb 
the  succeeding  color. 

We  that  have  the  oircumferenoe  of  the  circle,  which  r«presenta  the  piinnatii 
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•ptetnun,  dirided  into  sixty  scales  of  pure  colors.  Each  radius  representing  n 
•oale  of  colors  is  dirided  into  twenty  tonetf  to  represent  the  intensity  of  each 
•olor  in  its  own  scale.  The  tone  of  any  color  may  be  lowered  by  the  addition 
«f  white,  when  it  will  remain  in  the  same  radius  or  scale,  but  take  a  position  at 
m  lower  tone,  or  nearer  the  oentre  of  the  circle.  A  color  modified  by  black,  is 
I  a  broken  eolor,  but  as  the  color  is  deeper,  the  tone  is  carried  towards  the 
I  of  the  eircle.  To  represent  the  modifications  produced  by  black, 
Chamal  enployi  •  movable  quadrant,  not  easily  introduced  in  our  illustration. 

WlMn  two  eomplementary  eolors  are  mixed,  their  eombination  produces  white. 
If  tba  eolors  are  pore.  The  combination  of  two  colors  not  complementary  pro- 
im9w§  a  eertain  qoaatlty  of  white,  but  principally  a  color  which  will  be  found 
b  tha  diagram  intermediate  between  the  two  colors,  if  they  are  of  the  same 
•eoe^  or  nearar  to  the  oolor  of  deeper  tone,  when  their  tones  or  intensities  are 
tffhratb  The  eomplementary  eolor  in  the  diagram  is  found  at  the  opposite 
aztnmitj  of  the  diameter  of  the  circle. 

Thia  diagram  thos  explains  the  effect  which  two  colors  produce  upon  each 
ether  bj  their  mutual  proximity. 

Whtn  two  colore  are  placed  near  each  other,  eacA  eolor  appeare  modified  ae 
Cftovf  A  mired  with  a  email  portion  of  ike  complement  to  the  color  which  i«  Hear  it, 

Bzamples. — (a)  Suppose  blue  and  yellow  to  be  placed  side  by  side ;  at  one 
extremity  of  a  diameter  we  read  yellow,  and  at  the  opposite  violet,  hence  the 
proximity  of  yellow  giyes  to  the  blue  a  shade  of  yiolet,  or  makes  it  approach 
vtblet  fr/ne.  In  the  same  manner  we  find  orange  complementary  to  blue  ;  hence 
the  blue  gires  a  ihade  of  orange  to  the  yellow,  or  makes  it  approach  orange 
fdlom. 

(6)  Let  green  and  yellow  be  eontignons,  the  yellow  will  receive  red,  the  com- 
plement of  green,  and  will  beoome  orange  yellow,  while  the  green  will  receive 
from  the  yellow  its  eomplementary  violet.  A  part  of  the  yellow  in  the  green 
will  thus  be  neutralised,  and  the  green  will  appear  bluer  or  less  yellow,  in  fact, 
greenish  bine. 

492.  The  study  of  oolors  apon  the  principles  here  laid  down  is 
of  great  importance  to  the  artist  and  manufacturer,  whether  in  repro- 
ducing the  beauties  of  qature,  or  in  architectural  decoration  ;  also  in 
weaving,  embroidery,  and  costume. 

The  skillful  salesman  knows  how  to  enhance  the  brilliancy  or  beauty  of  his 
goods  by  artfully  contrasting  the  pieces  which  he  hopes  to  sell  by  others  having 
eomplementary  oolors.  Good  taste  in  dress  never  violates  these  principles, 
regarding  with  care  the  complexion  of  the  wearer  in  contrast  to  the  colors 
•elected.  Florid  skins  can  bear  dark  hues  in  dress,  while  delicate  complexions 
are  noade  pallid  by  heavy  colors.  A  green  dress  or  wreath  increases  the  freshness 
of  a  rosy  complexion.  A  crimson  dress  and  scarlet  shnwl  worn  together  appear 
mntnally  dull  and  heavy,  while  either,  with  the  contrast  of  an  appropriate  shade 
of  green,  would  be  attractive  and  tasteful.  These  topics  will  be  found  fully  con- 
lidered  in  **  Chevreul  on  Colors." 

2  6.  Optical  Instniinents. 

493.  Magnifying  glaases. — Single  lenses,  used  for  magnifying 
small  objects,  occupy  an  important  place  in  the  arts.  They  are  used 
by  wmtch-maken,  jeweler,  engravers,  and  other  artisans,  whose  labors 
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are  performed  upon  minute  structures.  These  instruments  oenyj  t 
middle  place  between  spectacles  and  the  regular  micrDscope  ct»mpi>M!d 
of  a  variety  of  parts. 

A  thorough  knowledge  of  the  ases  and  powers  of  simple  leoMs  forms  the  Wii 
of  all  calculations  of  the  powers  and  uses  of  more  complex  inatrumenU,  liki 
the  compound  microscope  and  the  telescope. 

The  eye  takes  no  cognisance  of  real  magnitude,  which  it  can  onlj  estimate  bj 
inference,  but  notices  directlj  apparent  magnitude,  which  is  determined  in  tU 
cases  by  the  visual  angle  under  which  objects  are  seen  (472). 

We  ha?e  seen  (479)  that  it  is  essential  to  distinct  vision  that  the  rays  eDterinf 
the  pupil  from  any  one  point  of  an  object  should  be  parallel,  or  slightly  direr- 
gont,  the  distance  of  most  distinct  vision  being  generally  from  five  to  tea  inches. 
For  near-sighted  persons,  this  distance  is  as  email,  sometimes,  as  two  or  tbrw 
inches,  and  for  eyes  enfeebled  by  age,  it  extends  Arom  fifteen  even  to  thirt| 
inches. 

494.  The  magnifying  power  of  a  lens  is  found  with  sufficient 
accuracy  for  ordinary  purposes  by  dividing  the  limit  of  distinct  Ywaa 
(ten  inches)  by  the  distance  of  the  principal  876 

focus  of  the  lens. 

Let  A  B,  fig.  376,  be  an  object  placed 
before  a  convex  lens,  so  much  nearer  to  the 
lens  than  the  focus,  F,  that  the  rays,  after 
refraction  by  the  lens,  shall  be  in  that  state 
of  slight  divergence  best  adapted  to  produce  distinct  vision,  that  is, 
diverging  as  though  emanating  from  a  point  at  a  distance  of  ten 
inches  or  the  limit  of  distinct  vision.  Let  a  b  represent  the  virtus! 
image,  formed  where  the  refracted  rays  would  meet  if  extended  back- 
ward, then  a  b  will  be  as  much  greater  than  A  B,  as  its  distance  from 
the  lens  is  greater  than  the  distance  of  the  object,  A  B,  from  the  leus. 
The  divergence  of  rays  of  light  entering  the'  small  opening  of  the 
pupil,  from  a  point  ten  inches  distant,  is  so  small  that  we  may  consider 
them  parallel,  and  then  the  object,  A  B,  will  be  nearly  at  F,  the  prin- 
cipal focus  of  the  lens. 

To  estimate  the  magnifying  power  of  a  lens  more  accurately;  let  the  distaaes 
of  most  distinct  vision  be  represented  by  e;  with  a  lens  interposed,  the  eye 
sees  a  virtual  image  of  the  object,  therefore,  in  the  formula  for  a  convex  lens,  let 

V  =  —  e,  and  then = .■.  tt  = ,  which  is  the  distance  of  the 

e       /        u  .+/ 

object  from  the  lens.     If  the  eye  is  placed  close  to  the  lens,  the  magnifying 

e         t  -\-  f  e 

power  represented  by  M  will  be,  J/  =  -  =  -=  \  •\-   -. 

«*  /  / 

If  the  eye  is  placed  at  a  distance  from  tho  Ions  represented  by  </,  we  shall  have 
the  distance  of  the  virtual  imago  a  h  from  the  lens  represented  by  •'  =  e  —  d. 

and  the  magnifying  power  will  become,  if  =  1  -{-  . 
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If  the  eye  it  placed  at  a  distanoe  from  the  lens  eqnal  lo  its  prineifml  henu 

or,  d  =  /,  then  JV  =■  ^  and  in  that  case  the  magnifyiDg  i>ower  for  different 

«fjes  varies  as  the  limit  of  most  distinct  vision. 

If  ibe  ojre  is  placed  at  a  distance  from  the  lens  equal  to  the  distance  at  which 

«  — rf 
it  sees  objects  most  distinctly,  then ^  0,  and  JT  =  1,  or  the  object  if  not 

magnified  by  the  action  of  the  lens. 

The  Auperficiai  mngnifjing  power  is  equal  to  the  square  of  the  linear 
iiia^iiifying  power  given  by  the  rule  stated  above  ;  but  the  linear  mag- 
liityiiig  power  is  alone  commonly  used  ip  scientific  treatises. 

405.  The  Biinple  microscope  acts  in  the  same  manner  as  the 
single  lens  or  magnifying  glass.  Instead  of  a  single  lens,  a  doublet  or 
triplet,  acting  as  a  single  lens,  is  often  used.  377 

Raspall'e  dissecting  microscope,  shown  in 
fig.  377,  is  the  most  complete  simple  microscope.  The 
magnifying  lens,  o,  mounted  in  a  dart  cup,  A,  to 
protect  the  eye  from  extraneous  light,  is  fixed  in  the 
end  of  a  movable  arm  which  can  be  rotated  on  its 
support,  elerated  and  depressed  by  the  milled  head 
E,  or  lengthened  by  turning  the  millod  bead  C. 
Below  the  lens  is  the  stage  B,  which  supports  the 
object  to  be  examined.  The  concave  mirror,  M,  can 
be  80  adjusted  as  to  illuminate  the  object  by  a  con-  i 
centrated  pencil  of  transmitted  light. 

In   using  this  microscope,  the  eye  is  placed  over  1 
the  lens  ",  which  may  be  elevated  or  depressed  till 
the  fucus  is  ai^justcd  to  give  the  most  distinct  view  of  the  object  on  the  stage. 
Opa<^ue  objects,  are  illuminated  by  a  bull's  eye  lens. 

By  using  lenses  of  different  foci,  magnifying  powers  may  be  obtained  with  this 
in.ftrument,  varying  from  two  to  one  hundred  and  twenty  diameters. 

41)6.  The  compoand  microscope  consists,  essentially,  of  two 
lenses,  so  arranged  that  when  an  object  is  placed 
a  little  beyond  the  principal  focus  of  the  first 
Wns,  its  image  may  be  formed  in  the  principal 
focus  of  the  second  lens,  by  which  it  is  viewed 
as  an  object  ib  viewed  by  a  common  magnifier. 

The  ttrranzcment  of  the  lenses    in   the  compound 
mi<*r<isc'>pe  is  ybown  in  fig  378,  and  j 
of  the  object,  and  the  images  both  real  j 

The  object,  «  r,  being  placed  near  the 
railed  the  object-gla.«i»,  an  image,  inverted  and  rnurh 
enl:iri^e.l.  is  f«.rmed  at  R  S.  in  the  focm  of  the  second 
L-ris.  ,i  r,  cillcd  the  eye-pla.*?.  By  this  lens,  th<j  rays 
are  transmitted  slightly  divergent,  and  in  the  exact 
condition  to  produce  distinct  vision  when  viewed  by 
the  eye.    The  rays  transmitted  through  the  eye-gla**.,  if  UlfteA  \iv.VL^at\  Vi  \X»% 


aLso  the  position  //  ^_ 
eal  and  virtual.  [/  \\ 
the  firj«t  leoH,  n  h,  ^*^ V^ 
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disUnoe  of  diatinot  Tision,  form  a  rirtiiftl  image  at  R'  8%  much  Uigtr  tbm  (to 
real  imago  R  S,  formed  by  the  action  of  the  lint  leni. 

Such  a  compound  microscope  as  the  one  shown  in  this  flgnre,  is  soljfiAli 
chromatic  and  spherical  aberration,  and  the  image  riewed  b j  the  eys  ii  mI 
straight  as  shown  in  the  figure,  but  onrred  so  as  to  appear  oonrex  towsrdi  (to 
eje.  These  imperfections  are  almost  entirely  corrected  in  the  adkrom&iu  «■• 
pound  microscope  described  in  {  511. 

497.  The  telesoope  is  an  instrument  constrocted  for  yiewiog  dii> 
tant  objects. 

Telescopes  are  of  twg  kinds.  Refracting  telescopes  are  oonetraelsd 
of  lenses.   Reflecting  telescopes  contain  one  or  more  metallic  refleeton. 

498.  The  teleaoope  used  by  GkOileo  in  1609,  is  the  oldest  fom 
of  which  we  have  any  definite  description.  The  Oalilean  teleeoopi 
consists  of  a  convex  lens,  of  long  focus,  and  a  concave  lens  of  ihoit 
focus  placed  at  a  distance  apart,  equal  to  the  difference  of  their  priod- 
pal  foci.  The  light  from  distant  objects  collected  by  the  large  smftet 
of  the  convex  field-lens,  is  brought  to  such  a  state  of  divergence  bj  tin 
concave  eye-lens  as  to  produce  distinct  vision  in  the  eye. 

The  magnifying  power  of  the  Galilean  telescope  is  found  by  dividing 
the  principal  focus  of  the  convex  lens  by  the  principal  focus  of  the  con- 
cave lens. 

The  convex  lens,  M  N,  fig.  379,  tends  to  form  an  image  of  a  distant  olgse^ 
A  B,  very  near  its  principal  focus,  as  at  a  6.     The  concave  lens,  E  F.  being 
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placed  between  the  convex  lens  and  the  image,  a  6,  renders  the  rays  which  wtrs 
converging  to  a,  slightly  divergent,  as  though  emanating  from  a  point,  a',  st 
the  distance  of  distinct  vision,  about  ten  inches.  The  same  effect  is  prodaeed 
on  the  rays  converging  to  6.  The  direction  of  the  oblique  pencils  is  changed, 
and  the  extremities  of  the  image  appear  in  the  secondary  axis  a  0'  a%  and  btyV, 
drawn  from  a  and  b  through  0',  the  optical  centre  of  the  lens  E  F.  It  is  espe- 
cially to  be  noticed,  that  while  the  rays  from  any  one  point  in  the  objeet  srs 
rendered  parallel,  or  slightly  divergent,  by  the  concave  lens,  the  pencils  from  the 
extreme  points  converge  at  0'  much  more  than  at  0,  making  the  visual  angle 
a'  0'  6  ,  under  which  the  object  is  seen  by  the  telescope,  much  greater  than  the 
visual  angle  u  0  6,  under  which  the  object  would  appear  without  the  teleseope. 
Since  the  angle  A  0  B  is  equal  to  a  0  6,  and  a'  0'  h'  is  equal  to  a  0'  (,  the 
visual  angle  a'  0'  b'  is  to  the  angle  AOB  as  OFistoO'F,  and  the  image  a'  V 
appears  as  much  greater  than  the  object  as  the  focal  length  0  F  of  the  convex 
lens  exceeds  the  focal  length  0'  F,  of  the  concave  lens. 
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Thm  opcm-sUuw  oontisto  generally  of  two  Qaltlean  ielesoopes,  placed 
near  together,  to  allow  of  distinct  Tision  bj  botli  ejes. 

Xnght-glafla^a,  need  by  seamen,  are  constmoted  like  large  opera- 
glasses.  They  s«nre  to  concentrate  a  large  amount  of  light  in  such  a 
oondiUon  as  to  allow  of  distinct  vision,  and  thus  enable  the  eye  to  see 
olijects  distinctly  in  the  night.    They  have  a  low  magnifying  power. 

Wilh  the  CMUesB  talsfeope  in  all  its  fbmifl  the  oljjeet  ftppean  ereei 

499.  Thm  astrononaioal  teleaoope  may  be  constructed  with  a 
eonvez  lens  placed  beyond  the  image  formed  by  the  field-lens.  The 
second  lens  then  magnifies  the  image  formed  by  the  first  lens.  The 
object  appears  ii^verted,  but  this  occasions  very  little  inconvenience  in 
astronomical  observations. 

500.  Xlya-plocea  are  certain  combinations  of  lenses  used  in  both  • 
telescopes  and  microscopes  to  magnify  the  image  formed  by  the  lens 
nearest  to  the  object  They  have  less  spherical  and  chromatic  aberration 
than  a  single  lens,  and  also  enable  the  eye  to  take  in  a  larger  extent 
of  the  object  to  be  examined  than  could  otherwise  be  seen. 

The  poaitlT«  aya-pUoe,  invented  by  Ramsden,  consists  of  two 
plano-convex  lenses,  with  their  convex  surfaces  turned  towards  each 
other,  and  placed  at  such  a  distance  that  the  object  or  image  to  be 
viewed  by  it  is  seen  distinctly  when  brought  very  nearly  in  contact 
with  the  first  lens.  To  secure  this  result,  the  distance  between  the 
lenses  must  be  a  very  little  less  than  one-half  the  sum  of  their  focal 
lengths  for  parallel  rays.  The  spherical  aberration  produced  by  this 
eye-piece  is  only  about  one-fourth  as  much  as  if  a  single  lens  were  used. 
The  chromatic  aberration  also  is  less  than  with  a  single  lens. 

Let  F  F,  fig.  380,  be  the  fleld-lene,  and  E  E  the  eje-Iens  of  the  positive  eye- 
piece. Let  m  n  be  an  image  formed  by  the  380 
object-glass  either  of  a  telescope  or  a  micro- 
scope, then  each  ray  from  the  image  on ' 
passing  the  lens  F  F  becomes  colored,  cv,hv, 
representing  the  violet  rays,  and  c  r,  b  r/ 
representing  the  red  rays.  The  red  rays, , 
irhich  are  least  refracted  by  the  first  lens, ' 
fall  near  the  borders  of  the  seoond  lens,  where  the  refractive  power  is  greater 
than  where  the  more  refrangible  violet  rays  fall;  hence  the  second  lens  tends  (o 
correct  the  ohromaao  dispersion  of  the  first,  and  the  riolet  and  red  rays  enter 
the  eye  very  nearly  as  though  CQianating  from  a  common  point.  This  is  an 
important  excellence  of  the  positive  eye-piece ;  but  a  yet  more  important  advan 
tui^  of  this  eye-piece  is,  that  the  image  is  less  distorted  than  when  only  a  sinirle 
lens  is  used.  "^  * 

The  negative  eye-piece.  which  was  invented  by  Huyghens,  con- 
-*-  generally  of  two  plano^nvex  lenses,  having  the  convex  surCsyQAa 
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of  both  turned  towards  the  object-glass.  The  two  lenses  are  pkeed  A 
a  distance  from  each  other  equal  to  one-half  the  sum  of  th«r  foeil 
lengths.  The  image  is  formed  between  the  lenses.  This  arraogNMifc 
oonsiderably  enlarges  the  field  of  view,  and  diminishes  the  sphtriol 
aberration ;  the  chromatic  aberration  is  also  less,  and  it  ii  mm 
equalised  in  all  parts  of  the  field  than  in  other  eye-pieces. 

In  the  most  perfect  form  of  the  negatlTe  eye-pieoe,  aeoording  to  Pto£  AiiT, 
the  first,  or  field  lens,  is  a  menisoos  whose  radii  are  as  fonr  to  eleven,  with  til 
oonvox  side  toward  the  object,  and  an  eye-lens  having  the  form  of  least  s^Miieil 
aberration  (454),  with  the  more  conyez  side  towards  the  object. 

The  focal  lengths  of  the  field  and  eye  lenses  should  be  to  each  other  as  3  is  1« 
and  thoir  distance  apart  equal  to  one-half  the  sum  of  their  focal  lengths. 

In  eyo-pieces  designed  for  the  microscope,  instead  of  estimating  the  prine^ 
focal  length  of  the  field-lens,  we  must  take  its  conjugate  focus  when  the  ot|)sek 
is  placed  in  the  position  of  the  object-glass  of  the  microscope. 

The  action  of  the  negative  eye-piece  will  be  more  fully  explMued  in  oonDselioa 
with  the  compound  achromatic  microscope  (611). 

The  terreatrial  eye-pieoe  consists  of  four  lenses,  two  of  them  being 
added  solely  to  produce  an  erect  image. 
Fig.  381  shows  a  section  of  the  common  apy-gkut  or  Urrmtriai  Utmoopt,  with 
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the  erecting  eye-pieoe.    The  several  tubes  which  shut  one  within  another,  allow 
the  instrument  to  be  reduced  to  a  convenient  length  when  not  in  use. 

501.  Reflecting  teleacopea  are  extensively  used  for  astronomical 
observations.  A  variety  of  forms  have  been  invented  by  different 
observers,  but  in  all  a  metallic  speculum  is  employed  to  form  an  imsge 
of  distant  objects,  and  an  eye-piece  is  used  to  magnify  the  image. 

502.  Sir  William  Herachers  telescope,  shown  in  fig.  382,  con- 
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sists  of  a  speculum,  S  S,  set  in  a  tube  somewhat  larger  than  the  diameter 
of  the  speculum,  and  an  eye-piece,  ef,  placed  at  one  side  of  the  open 
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•nd  of  the  cube.  The  axis  of  the  epeoulain,  represented  by  the  dotted 
line  a  N,  is  80  inclined  thst  parallel  rajs,  falling  on  every  part  of  the 
•paoolani,  will  be  refleoted,  converging  to  the  side  of  the  tube  where 
Hhm  eye-pieoe  is  plaeed  to  receive  them.  The  sise  of  tlie  tube,  and  the 
Hiclination  of  the  aiis  of  the  speculum,  is  so  adjusted  that  the  eye  of 
the  observer  may  be  placed  at  E  without  intercepting  any  part  of  the 
tight  which  can  fall  upon  the  speculum  in  such  a  direction  as  to  be 
reflected  to  the  eye-piece. 

8lr  William  Heneheri  great  toleseope  had  a  ipeoulQiii  fonr  feet  in  diameter, 
three  and  a  half  inehet  thick,  weigliing  two  thouiand  one  hundred  and  eighteen 
poands.  Its  foeal  length  was  forty  feet,  and  it  was  set  in  a  eheet-iron  tabe 
thirty-nine  and  a  half  foet  long,  and  four  feet  ten  inches  in  diameter.  When 
directed  to  the  fixed  itan  it  would  bear  a  magnifying  power  of  six  thousand 
four  hundred  and  fifty  diameters. 

This  li  called  the  front  view  telescope,  because  the  observer  sits  with  his  back 
to  the  o1]!|ect  and  looks  into  the  front  end  of  the  telescope; 

503.  ZK>rd  RoM6'a  telMOope. — By  far  the  largest  reflecting  tele- 
scope ever  constructed  was  made  by  the  Earl  of  Rosse.  It  was  com- 
menced in  1842,  and  was  so  far  completed  as  to  be  used  for  the  first 
time  in  February,  1845. 

The  great  speculum  is  six  feet  in  diameter,  has  a  focal  length  of 
fifty-four  feet»  and  weighs  four  tons.  An  additional  speculum  to  be 
used  in  the  same  instrument  weighs  three  and  a  half  tons.  The  tube 
is  of  wood,  hooped  with  iron,  seven  feet  in  diameter,  and  fifty-two  feet 
in  length. 

This  telescope  has  fittings  to  mount  the  eye-pieoes  either  for  front  view,  as  in 
Herschel's  telescope,  or  at  the  side,  as  in  the  Newtonian  form  :  for  this  purpose  a 
small  speculum  is  placed  at  an  angle  of  46°,  reflecting  the  rays  at  a  right  angle 
through  an  orifice  in  the  side  of  the  tube,  where  the  eye-piece  is  placed. 

The  base  of  the  instrument  is  supported  upon  a  universal  joint ;  and  by  chains 
and  windlasses  this  mammoth  telescope  is  moved  with  ease,  between  two  lofty 
walls  supporting  movable  galleries,  which  enable  the  observer  to  follow  the 
instrument  in  any  required  position. 

The  amount  of  light  on  any  surface  being  as  the  square  of  the  diameter,  if  we 
reckon  the  pupil  of  the  human  eye  at  one-tenth  of  an  inch  in  diameter,  this 
telescope  will  be  seven  hundred  and  twenty  times  as  broad  as  the  pupil,  or  have 
an  area  five  hundred  and  eighteen  thousand  and  four  hundred  times  as  great  as 
the  unaided  eye.  If  one-half  the  light  is  lost  by  reflection  from  the  mirror,  we 
shall  still  have  two  hundred  and  fifty  thousand  times  as  much  light  as  commonly 
enters  the  eye.  We  need  not  wonder  therefore  at  the  marvellous  power  with 
which  this  instrument  penetrates  the  remoter  regions  of  celestial  space. 

504.  Aohromatio  teleacopea. — The  principle  of  achromatism  bos 
been  briefly  explained  in  {  466,  where  it  has  been  shown  that  a  convex 
lens  of  crown  glass  may  be  combined  with  a  concave  lens  of  longer 
foeus,  made  of  flint  glass,  which  has  a  higher  refractive  and  dispersive 
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power,  the  combination  producing  refraction  without  dispersion,  and 
coiisoquiMitly  forining  uu  image  free  from  the  primary  prismatic  colnn. 

Tho  common  furm  of  achromatic  compound  lens  is  a  plano-concave  lens  ti 
(lint  glass,  united  with  a  double  convex  lens  of  crown  glass.  Such  lenses  in 
found  in  opera-glasses  and  spy-glasses,  called  achromatic,  used  both  on  lind  inl 
at  sea.  This  form  of  lens  is  also  often  employed  in  tho  smaller  astronomieil 
telescopes.  But  in  such  glasses  a  certain  amount  of  spherical  aberration  remuai 
uncorrected. 

To  secure  perfect  correction  of  spherical  and  chromatic  aberration  at  the  ntai 
time,  a  double  concave  lens  of  flint  glass  has  been  placed  between  two  dosUi 
convex  lenses  of  crown  glass,  the  cnnred  surfkces  of  the  several  leniei  bciB| 
carefully  estimated  in  view  of  the  refractive  and  dispersive  powers  of  tht  two 
kinds  of  glass  employed. 

The  refractive  and  ditiporsive  powers  of  glass  are  so  variable,  that  the  opticisi 
is  obliged  to  determine  thom  anew  for  every  new  specimen  of  glass,  and  eiUasfei 
again,  by  the  formulae  already  given,  the  proportional  earratures  of  the  leniei 
to  be  constructed  from  it. 

Sir  John  Ilerschel  found  that  an  aohromatio  oliiJect-glaBS  of  the  form 
ahown  in  fig.  383,  will  be  nearly  free  from  spherical  aberration,  if  the 
exterior  surface  of  the  crown  lens  is  6*72,  and  the  exterior  sar-    jgS 
face  of  the  flint  lens  14*20,  the  focal  length  of  the  combination  ^^^ 
being  10*00 ;  and  the  interior  surfaces  of  the  two  lenses  being 
computed  from  these  data  to  destroy  the  chromatio  aberraftioa  i 
by  making  the  focal  lengths  of  the  two  glasses  in  the  direct 
ratio  of  their  dispersiTe  powers  (467).   The  two  interior  surfiuxe  I 
that  come  in  contact  may  be  cemented  together  if  the  lenses  are 
small. 

Until  quite  recently,  almost  insuperable  obstacles  interfered  with  the  nsan- 
facture  of  flint  glass  in  large  pieces  of  uniform  density,  f^ee  from  reins  and 
imperfections. 

In  1828,  an  achromatic  lens  fourteen  inches  in  diameter  was  eonsidered  a  trot 
marvel  of  optical  art  The  object-glass  in  the  great  achromatic  rafyacting  tele- 
scope at  Cambridge,  Mass.  (one  of  the  largest  in  nse),  is  abont  sixteen  inches  ia 
diameter,  with  a  clear  aperture  of  fifteen  inches,  and  it  eost,  nnmonnted,  about 
$15,000.  Mr.  Bontemps,  a  French  artist,  employed  in  the  glass  works  of  ifessn. 
Chance,  Brothers  A  Co.,  Birmingham,  Eng.,  has  succeeded  in  prodaeing  a  disk 
of  flint  glass  twenty -nine  inches  in  diameter,  two  and  a  half  inches  thick,  weigh- 
ing two  hundred  pounds,  and  pronounced  by  the  most  skillftil  optioians  vaiy 
nearly  faultless. 

505.  Bquatorial  mountings  for  teleiioopes. — ^With  telescopes  uf 

great  power,  the  diurnal  motion  of  the  earth  causes  a  celestial  object  to 
pass  out  of  the  field  of  view  too  rapidly  to  allow  of  satisfactory  obserrt- 
tion.  To  obviate  this  difficulty,  a  system  of  machinery  called  au 
equatorial  mounting,  has  been  devised,  to  give  to  the  telescope  such  a 
uniform  motion  as  to  keep  any  celestial  object  constantly  in  the  field 
of  view. 
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li  uis  firmly  •npported  is  placed  parallel  to  the  axu  of  the  earth,  and  U 
Med  to  reTolre  by  elock-work  with  a  motion  exactly  equal  to  tbo  sidereal 
Uoa  of  the  hearens.  A  lecond  axis,  across  which  the  telescope  is  mounted, 
fixed  upon  the  first  axis,  and  at  right  angles  with  it.  The  telescope  can 
elerated  or  depressed  in  declination  by  motion  of  the  second  axia,  and  it  caii 
Bored  in  right  ascension  by  motion  on  the  first  axia.  When  the  telescope 
beea  thus  directed  tu  any  celestial  object,  it  may  bo  clamped  ou  both  axe?, 
the  moreai|nt  of  the  clock-work  will  cause  it  to  follow  the  motion  of  the 
Kt  in  the  hearene. 

06.  The  Cambridge  telescope  "with  equatorial  moan  tings  is 
WD  in  fig.  384. 

stands  on  a  granite  pier  surmounted  by  a  single  block  of  granite  ten  feet 
Bghty  to  which  the  metallic  bed-plate  of  the  telescope  is  secured  by  bolts 
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iCTCwi.  It  is  covered  by  a  dome  moring  on  a  circular  r^way,  which  is 
f  rotated  so  as  to  allow  the  groat  telescope,  twenty-three  feet  in  length,  *<" 
reeted  to  any  part  of  tlj*»  beavt*o*.     A  narrow  window,  clo-nl  >iy  «hiittert 
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moved  by  ohains,  is  oponed  wh«B  the  toltseope  U  in  VM.  TIm  bow  obili 
ftttached  to  the  equatorial  axis  is  eightMn  in«hM  in  dU— ler,  divUM  •■  aUvt^ 
and  reads  by  two  Tcrniers  to  one  eeeond  of  time.  The  diwlinattoa  elieto  li 
twenty-six  inches  in  diameter,  dirided  on  ^rw,  and  reedi  hj  Ibwr  Tcrnian  te 
four  seconds  of  arc. 

The  moyable  portion  of  the  telescope  and  maohineiy  U  wtiaMiled  to  wdgfa 
about  three  tons,  but  it  is  so  perfeetly  oonnterpoiitd  and  ft^utad  Ikal  the 
observer  can  direct  the  instnuneni  to  any  part  of  the  heavena  Jij  n  rmy  lU^ 
pressure  of  the  hand  upon  the  balanoe  rods.  This  great  aehrosaatto  taleaeepa 
has  eighteen  different  eye-pieces,  giving  to  the  instmmeat  magni^fing  povsn 
varying  from  103  to  2000  diameters. 

507.  The  visaa'  power  of  telesoopes,  or  the  aid  which  they  afitd 
in  viewing  distant  objects,  depends  upon  the  oombined  effiMta  o£ 
increased  light  and  magnifying  power. 

Sir  William  Herschel  relates  that,  on  a  certain  oocaaion,  * 
account  of  the  darkness  a  distant  steeple  was  inTisiblei  a 
showed  very  distinctly  the  time  by  the  clock  on  the  tower.  Here  bot 
little  magnifying  power  was  required,  and  there  was  a  deficieney  of 
illumination,  yet  the  telescope  supplied  both. 

To  understand  the  principles  upon  which  this  power  of  1 
dopends,  it  is  necessary  to  attend  to  the  following  partioalara ; — 
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»  n*  ▼>!■•  of*  ia  tUi  aqofttioii  will  Tivy  with  tlM  thiokneM  of  the  leiiiei»  tht 
itftif  of  poUfl^  and  tho  amoont  of  eunratara ;  bat  for  ordinary  pnrpoMs  of 
•aleuUtioa  we  maj  ooniider  its  Talne  m  rarying  firom  iV  ^  A* 

IM  M  repreeent  the  mapdiyiiig  power  and  V  the  ▼isuiil  power  of  a  telescope, 

and  we  shaU  hwre  generally,      K=  y^MP  =  |  lf.~.x'  I  K 

It  wffl  be  erideat  that  the  best  effeot  with  the  telescope  will  be  obtained  when 
the  peaetrating^uid  OMgnliying  powers  are  nearly  equal.  If  the  magnifying 
power  is  in  ezeess,  thoogh  the  image  may  be  enlarged,  it  will  be  too  faint  to 
produee  a  clear  impressioB.  If  the  magnifying  power  is  too  small  in  proportion 
to  the  penetrating  power,  the  eyes  will  be  daisied  by  the  excess  of  lights  while 
the  soTeral  parts  of  the  image  will  not  be  clearly  separated  upon  the  retina. 

The  magnifying  power  of  the  telescope  is  therefore  varied  by  the  nse  of  dif- 
ferent ^ye-pieoes  (606)  to  snit  the  state  of  the  atmosphere  and  the  degree  of 
fllomlnatlon  of  the  olijeet  Tiewed. 

508.  Aohromatio  ol^eot  slnwea  for  miorosoopes,  if  oonstraoted 
of  the  fomiB  used  in  telescopes,  are  very  unsatisfactory.  In  the  first 
place,  it  is  found  exceedingly  difficult  to  construct  such  lenses  sufficientiy 
•mall  for  the  high  magnifying  powers  required  in  the  microscope. 
Secondly,  the  largest  achromatic  lenses  for  telescopes  have  but  a  small 
diameter  in  proportion  to  the  length  of  their  foci,*  and  if  lenses  for  the 
microscope  have  a  diameter  equally  small  in  proportion  to  their  foci, 
they  admit  too  little  light  to  be  of  much  practical  utility.  But  if  their 
diameter  is  increased,  the  light  admitted  through  the  borders  of  the 
lenses  produces  fringes,  with  colors  in  the  inverse  order  of  the  solar  spec- 
trum, showing  that  while  the  color  is  perfectly  corrected  in  the  centre, 
the  correction  effected  by  the  concave  lens  is  too  great  at  the  margin. 

5(K).  Liater^B  aplanatio  fooi,  and  oompoand  objeotivea. — The 
ilt^icoveries  of  Joseph  Jackson  Lister,  Esq.,  communicated  to  the  llojal 
Society  in  1830,  have  proved  of  the  utmost  value  in  perfecting  the  com- 
pound achromatic  microscope.  His  preliminary  principles  are,  Ist,  that 
plano-convex  achromatic  lenses,  shown  in  fig.  371,  are  most  easily  con- 
structed. 2d,  that  if  the  convex  and  concave  lenses  have  their  inner 
Burfaces  of  the  same  curvature,  and  are  cemented  together,  much  less 
light  is  loAt  by  reflection  than  if  the  lenses  are  not  cemented.  Mr. 
Lister  discovered  that  every  such  piano-  zSb 

convex  achromatic  combination  as  A  A, 

fig.  385,  has  some  point,  as/,  not  far    i-.. "^^«i^ 

from  its  principal   focus,  from  which  <■       C-^^  C^ 
radiant  light  falling  upon  the  lens  will    i 

be  transmitted  free  also  from  spherical  *''  "^     "•^^ 

aberration.  This  yoint  is  therefore  called  an  aplanatic  focus.  The 
incident  ray,  fdy  makes  with  the  perpendicular,  i  d,  an  angle  con- 
Biderably  less  than  the  emergent  ray,  e  g,  makes  with  e  h  the  perpen- 
dicular at  the  point  of  emergence.    The  angle  of  emeifgdno^  \a  xi^^iVj 
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three  times  as  greut  as  the  angle  of  incidenoe,  snd  the  raja  i 

the  lens  nearly  parallel,  or  converging  towards  a  focos  at  a  modttrnta 

distance  from  the  lens. 

If  the  radiant  point  iti  now  made  to  approach  the  lena,  ao  thai  tha  nj/dt§ 
becomes  more  divergent  from  the  axis,  as  the  angles  of  iseidenea  audi 
become  more  nearly  ccjual  to  each  other,  the  spherical  aberration  I 
tivo  or  over-corrected.  Bat  if  the  radiant  polnt»  /,  continues  to  approaeh  tht 
glass,  the  angle  of  incidence  increases,  and  the  angle  of  emergenoo  dimtnialMS 
and  becomes  less  than  the  angle  of  incidence,  and  the  n^^aUre  spherical  abtm- 
iion  produced  by  the  outer  curres  of  the  compound  lens  becomes  again  eqnal  to 
the  opposing  positive  aberrations  produced  by  the  inner  enrres  whieh  are 
cemented  together.  When  the  radiant  has  reached  this  point  J*  (at  whUk  the 
angle  of  incidence  does  not  exceed  that  of  emergenee  so  much  as  it  had  at  inl 
come  short  of  it),  the  rays  again  pass  the  glass,  free  fh>m  spherieal  abamlloB. 
The  pointy^  is  called  the  shorter  aplanatic  focus. 

For  all  points  between  the  two  aplanatin  foci/ and /*  the  spherieal  aberMtJen 
\H  over-corrected,  or  negative ;  and  for  all  radiant  points  more  distant  thaa  the 
longer  aplanatic  focus/,  or  less  distant  than  the  shorter  aplaaatie  fiMU  ^p  the 
spherical  aberration  is  under-corrected,  or  positive.  These  aplanatle  fool  have 
another  singular  property.  If  a  radiant  point  in  an  oblique  or  leeondaiy  ailB 
is  situated  at  the  distance  of  the  longer  aplanatic  focus,  the  image  sitnatod  It 
the  corresponding  conjd^ate  focus  will  not  be  sharply  defined,  but  will  havaa 
coma  extending  outwards,  distorting  the  image.    If  the  shorter  aplaaatie  i 
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i  oommoD  form  of  the  triple  aplanatic  and  achromatic  objective,  used 
fer  the  compound  microsoope. 

510.  Aberration  of  glass  cover  corrected. — If  an  object  viewed 
with  aa  achromatic  microscope,  which  has  all  itH  aberrations  corrected 
fcr  ID  QocoTered  object,  is  covered  with  even  a  thin  film  of  glass  or 
■ioi,  spherical  aberration  is  again  produced,  thus  sensibly  impairing 
the distiDctnedS  of  vision  when  a  high  power  is  used.' 

huahcd,  fig.  388,  be  a  film  of  glass  or  mica  bounded  by  parallel  snrfaoea. 

If  rqn  of  light,  diverging  from  0,  pass  through  this  film,  the  ray  0  T'  R'  E' 

•ill  nftr  greater  displacement  than  the  ray  0  T  R  E,  388 

vkieh  nakei  a  anudler  angle  with   the  peqiendicular     P  ?!  e' 

OP.    If  RE  and  R' B'  are  extended  backward,  they 

wiOeroM  the  axis  or  perpendicular  at  the  points  X  and 

T.  This  separation  of  the  points  X  and  Y  is  exactly 

saflar  to  the  spherical  aberration  of  a  concave  lens,  and 

it  therefore  called  negative  spherical  aberration.     Cbro- 

■sUo  aberration  is  also  produced  by  the  same  means. 

Ik  efioct  obserred  by  the  eye  in  such  cases  is,  that  lines  are  not  so  sharply 

Mftsd,  and  the  outline  of  an  object  appears  bordered  with  broader  fringes,  with 

etlors  of  the  secondary  spectrum  upon  the  borders  of  the  object     These  errors 

BR  easily  corrected  by  diminishing  the  distance  between   the  anterior  and 

posterior  combinations  of  the  compound  objective,  which  is  Aimished  with  an 

a^losting  serew  for  this  purpose. 

511.  Tlie  oomponnd  achromatic  mioroaoope  is  composed  of  the 
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triple  achromatic  objective,  AMP,  fig.  389,  and  the  negative  eye-piece, 
formed  of  the  field-lens  F  F,  and  the  eye-lens  E  E. 

The  section  drawn  in  the  figure,  shows  how  the  light  is  acted  upon  in  passing 
through  the  different  parts  of  the  instrument.  Pencils  of  rays  from  all  parts  of 
the  object,  a  t,  pass  through  the  compound  objective  AMP,  and  tend  to  form  a 
red  image  at  R  R,  and  a  violet  image  at  V  V,  the  object-glass  being  slightly 
ovar-eorrected,  so  as  to  project  the  violet  rays  as  far  beyond  the  red  as  may  bo 
aaeeisary  to  make  up  for  the  want  of  absolute  achromatism  in  the  eye-piece. 
The  eoBverging  pencils  8,  C,  T,  being  intercepted  by  the  field-lens  F,  are  fore- 
shortened, and  at  the  same  time  the  lateral  pencils  are  bent  inward,  so  that  the 
iaUifea  v  e,  r  r,  are  smaller,  nearer  together  than  V  V,  R  R,  and  curved  in  an 
opposite  direction.  The  reversion  of  the  curvature  of  the  images  is  produced  by 
Htm  form  of  the  field-lens,  which  meets  the  central  pencil,  C,  much  farther  from 
8«» 
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the  iiiiageit  V  V,  R  li,  than  where  it  uoeta  tht  latonl  pencil*  8  T ;  thu  the  fort 
of  the  ovntral  pencil  is  more  shortened  than  the  others.  The  field-lens  of  tki 
negaiivK  eyc-picce  does  not  reverse  the  curvature  in  every  variety  of  iDitriDati 
but  it  always  changes  the  form  of  the  images  so  as  to  improve  the  deisitiM* 
The  violet  rays  S  n,  T  n^  fall  upon  the  eye-lens  nearer  its  axis,  than  Ihtrdlnp 
8  ffi,  T  Ml,  which  are  less  refrangible,  and  hence  the  eye-lens  conntmcti  tki 
divergence  of  the  colored  rays  which  were  separated  by  the  field-lens,  and  ctiHi 
them  to  pa!i8  to  the  eye  so  nearly  parallel  that  they  appear  to  diverge  froii  tki 
same  point  of  the  virtual  image  S  T,  formed  at  the  distance  of  distinct  \'w»- 
The  diiituncc  between  the  red  and  violet  images  r  r,  v  v,  is  just  equal  to  the  <)if- 
ference  l>etwcvn  the  red  and  violet  foci  of  the  lens,  and  these  images  being  cnmi 
just  enough  to  bring  every  part  into  exact  focus  for  the  eye-lens,  the  eye  Hd 
the  ima)!e  at  S'  T'  spread  itut  in  its  true  form  on  a  flat  field. 

By  moans  of  thitj  beautiful  system  of  compensations,  for  the  various  errort  rf 
chromatic  and  spherical  aberration  and  curvature  of  the  image,  which  inttrftn 
with  the  performance  of  a  single  lens,  the  compound  achromatic  microscope  bu 
been  brought  to  a  degree  of  perfection  unsurpassed  by  any  instrument  employed 
in  practical  physics. 

512.  Solid  eye-pieoe. — A  negative  eye-piece,  constructed  nf  a 
single  piece  of  glassj^has  been  patented  by  Mr.  K.  B.  ToUes,  i»f  Canu- 
tota,  N.  Y.  In  the  solid  eye-piece  there  is  much  less  liws  (»f  light 
by  reflection,  as  tiiere  are  only  one-half  as  many  refracting  surftuM 
as  in  the  ordinary  eye- piece.  Tlie  image  is  of  course  formed  in  the 
substance  of  the  glass.  This  oye-picee  allows  the  use  of  a  higber 
magnifying  pf)wcr  than  the  eye-pieoe  formed  of  two  lenses,  and  it  ii 
thought  also  to  give  more  perfect  definition. 

513.  VlBual  power  of  the  achromatic  microscope. — The  great 
distinction  between  the  telescope  and  the  microscope  consists  in  the 
fact  that  while  the  former,  practically  speaking,  is  suited  to  reeeive 
parallel  rays  from  a  distant  object,  the  latter  has  to  deal  with  rajt 
which  diverge  from  a  closely  approximate  point.  On  this  account  the 
formula  for  visual  power  will  require  some  modification. 

Angular  aperture, — The  angular  breadth  of  the  cone  of  light  which 
a  microscope  receives  from  an  object,  and  transmits  to  the  eye,  is  called 
its  angular  aperture. 

lUvminating  power  in  the  microscope  depends  upon  the  square  of  the 
angular  aperture,  due  allowance  being  made  for  the  light  lost  in  iti 
passage  through  the  instrument. 

When  the  formula  for  visual  power  is  applied  to  the  microscope,  A  muttrepre- 
iiont  the  angular  aperture  of  the  instrument  measured  in  degrees;  and  a  will 
represent  the  angular  breadth  of  a  cone  of  light  which  can  enter  the  papU  ef 
the  eye  from  an  object  at  the  distance  of  distinct  vision  =  1^  very  nearly.  We 
shall  then  have : — 

7*A«  jienctrating  pnwer  of  the  microscope,  P  =  ii|/x*;  or  the  pe&etnllig 
power  varies  directly  as  the  angular  aperture.  This  is  not  absolutely  uuiieii 
for  the  loss  of  light  by  reflection  causes  x  to  diminish  as  A  ine 
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IrilCa  V^'**  *B<1  ^®  shall  hare  : — Th«  vUual  poteer  of  the  microscope, 

Or  (lioee  the  magnifying  power,  or  the  eye-piece,  which  may  he  employed, 
ViriH  vith  the  angular  aperture),  generally : — 

fU  tinal  power  of  the  mieroteope  it  proportional  to  the  tquare  root  of  the 
■lyeltr  epertmre  of  the  ohjeet-glaet, 

K^eiUf  power,  or  iharpness  of  minute  details  in  an  ohject  seen  by  the  micro- 
fttp,  nqniret  perfect  correction  of  chromatic  and  spherical  aberration. 

h  If.  390,  A,  B,  C,  D,  show  the  successive  appearances  of  a  scale  of  Jfor- 
P^  Ukaetome,  by  regular  enlargements  of  the  angular  aperture  of  the  micro- 

390 


Hope  with  which  it  waa  riewed.  The  arailable  angular  aperture  of  a  single 
ku  seldom  exceeds  ifteen  or  twenty  degrees.  In  the  triple  achromatic  objec- 
ting the  aperture  for  ordinary  301 
•fcienrations  haa  been  extended 
ItlMo.  With  the  highest  powers 
■ssd  for  riewing  infusoria^  both 
lagliih  and  American  opticians 
hava  adTaneed  the  angular  aper- 
Hre  to  l&O®,  and  in  some  glasses 
to  175*». 

514.  The  mechanioal  ar- 
langement  of  the  mioro- 
•oope  is  well  exhibited  in 
fig.  391,  which  has  been  en- 
grared  from  a  rerj  excellent 
mftrament,  manufactured  by 
J.  &  W.  Gninow,  New  Haven, 
Conn. 

Tha  instrument  is  mounted  on 
trunnions,  which  allow  it  to  be 
inclined  at  any  angle.  The  body 
of  the  microscope  is  moved  in  a 
grooved  support,  by  a  raclc  and 
pinion  motion  for  a<yu8ting  the 
feeas.  The  stage  has  a  fine,  deli- 
eata  movement,  by  a  screw  and 
■iilled  head,  acting  upon  a  lever 
at  the  haclc  of  the  instrument,  by 
vUeh  movement  the  focus  can  be 
ad(|wstad  with  the  utmost  delicacy. 

The  stage  Itself  can  be  moved  freely  in  any  direction  by  a  lever  at  the  ri^ht. 
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A  mirror,  coi  cave  on  one  side,  and  plane  on  the  other,  ii  to  monaked  Mow  lb 
stage  as  to  illaminate  the  object  with  either  parallel  or  converging  rayi. 

Polarising  apparatus,  and  other  accessories,  are  fitted  to  the  stagey  sadiotti 
body  of  the  microscope. 

515.  The  magio  lantern  is  an  iDstrament  for  projecting  npoB  i 
screen,  images  of  transparent  pictures  painted  on  glass. 

A  lamp  is  placed  in  a  dark  box,  before  a  parabolic  reflector,  M  N,  tg.  M^ 
which  throws  the  light  upon  a  convex  lens,  A,  by  which  ii  is  strongly  Boadwiri 
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upon  the  object  painted  on  the  glass  slide,  inserted  at  C  D.  The  magnifyiif 
lens,  B,  forms  an  image  of  the  illuminated  picture  upon  a  screen  E  F,  placed  it 
its  conjugate  focus.  The  picture  is  placed  in  an  inverted  position,  to  prodoM 
an  erect  image  upon  tho  screen. 

A  great  variety  of  objects  painted  on  glass  can  thus  be  exhibited  eilbsr  ht 
amusement  or  instruction.  The  magnifying  power  of  the  magio  Isattn  ii 
equal  to  the  distance  of  the  screen  from  the  lens,  B,  divided  by  the  distaaee  of 
the  lens  from  the  object. 

516.  The  Bolar  mioroacope  is  a  species  of  magic  lantern  illaou- 
nated  by  the  sun.  It  is,  however,  much  more  perfect  in  its  stmctare, 
and  it  is  commonly  employed  for  viewing  on  a  screen  images  cf  natunl 
objects,  very  highly  magnified. 

The  stmctare  and  arrangement  of  the  solar  microscope  are  shown  in  Ig.  S91 
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It  is  monnted  over  an  opening  in  the  shutter  of  a  dark  room,  on  the  tide  toward 
the  sun.    A  plane  mirror,  M,  is  so  arranged  outside  the  shatter  as  to  reflset  U 
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lag  Ik*  MrMTy  By  Ik*  BiifOT  Hny  b9  alOTratea  «r  4iipraand,  aad  ky  Msnt  «r  MMlkv 

MVifV,  T,  tt  OU  to  tOllftid  M  th«  ■«§  «r  th«  ■UOrOMOpc,  M  M  to  fell*W  Ik*  BMtMU 

•ftkeiwi.  A  Huai  IffU,  B,  B«v«d  ky  tke  nek  wd  piaioB  wilh  the  milkd  W«4 
Q,MrvwtOMfBdHM9th*liglitapMi«k««l:||«;tflide,0.  The  slide  O,  vhiek  csnies 
tk«  oI4mC»  It  MMTsd  btlVMB  tkt  bvaM  plaftM  K  K,  by  tk«  acrewa,  H  H. 

TlM  oliijieo^  ttrangly  fllndMttod,  if  •4jnated  to  tk«  Ibou  of  tke  mmII  Iwi,  L 
(whiek  mfty  ko  «itk«r  a  null  globalo  oC  glMi^  or  a  eoMpooad  aeknaatie  ol^loe- 
tiro,  of  tkori  tocm),  and  aa  iaasa,  m  h^  giMtty  oalaisod,  fenMd  ia  tke  eo^agalo 
foens  of  tkoloaa,  is  roeoiTod  apoa  a  wkito  terwa  i^aeod  ia  a  eoareaieBt  pooitioa. 
By  dimiaifhiBff  tko  dittaaM  kitwoi  tko  ol^^oei  aad  tk*  leai,  L,  tke  oo^jagato 
foeaa  wiU  bo  mora  diataat,  tko  teffon  maj  bo  fOaeod  fivtkor  from  tko  loai,  aad 
tko  BiagBiiyiBf  powor  will  bo  proportkmally  oalargod. 

lastoad  of  oaployiag  tko  ligki  of  tko  iaa»  tko  solar  mierooeopo  maj  bo  illa- 
MJnafod  by  tko  oloelrie,  or  by  tko  oxykydrogon  ligki. 

517.  TlM  CMneni  obsomm  eonsiata  of  a  dark  ekamber  in  wkieh 
imai^  of  aztenial  olgaets  are  formed  bj  tke  aid  of  a  minor,  and  a 
eoncaTe  lens.    Tbis  instrument  affords  a  ccm-  SM 

nient  method  of  sketcbing  natnral  soenerj. 

A  plaao  mirror,  m,  fig.  894>  plaeod  at  an  angle  of 
45^  irith  the  horison,  refloeto  tko  light  downward, 
tkroagh  a  eonTerging  lens,  plaeod  in  the  top  of  tko 
dark  chamber.  A  ■hoot  of  paper  placed  on  tke  table 
in  the  focos  of  tke  lens,  receiyes  the  image  of  a  land- 
•capo  or  other  olject^  which  can  be  traced  witk  a 
pencil  by  th^  artiit^  sitting,  as  shown  in  the  flgnre^ 
with  his  head  and  shoulders  protected  from  extra- 
neous light  by  a  dark  curtain. 

The  student  can  easily  prepare  an  instrument  of 
this  kind,  by  inserting  a  spectacle  glass  in  an  ori- 
fice in  the  top  of  a  box  about  two  feet  high,  and 
placing  a  common  mirror  at  the  required  angle  'i 
above  it  The  paper  on  the  table  can  be  placed  on 
a  drawing-board,  and  fixed  at  such  a  distance  from 

the  lens  as  gires  the  most  distinct  image.  A  cloak  thrown  orer  the  side  of  tko 
box  where  the  obserrer  sits,  will  darken  the  chamber  so  as  to  pern^it  sketches  to 
be  made  with  great  facility.  395 

Instead  of 'the  mirror  and  lens  shown  in  fig.  394,  a  rectangu- 
lar prism  is  often  used  as  a  refieotor,  and  if  one  side  of  the  prism 
is  ground  in  the  form  of  a  lens,  the  two  parts  of  the  instrument 
are  combined  in  one. 

518.  Wollaston's  camera  laoida  is  another  instru- 
ment  used  fur  sketching  from  nature.  It  consists  of  a 
prism,  abed,  fig.  395,  of  which  the  angle,  6,  is  a  right 
angle,  the  angle,  d,  is  135^  and  the  angles  at  a  and  c 
are  each  67  p. 

It  is  mounted  on  a  suitable  stand,  and  the  eye,  P  P',  placed  I 
as  shown  in  the  figure,  sees  the  image  of  a  distant  object  as  though  projected 
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upon  the  paper  M  N,  where  tht.  oatline  may  be  traced  by  the  paneil  B,  theqi 
setting  the  image  and  the  pencil  at  the  same  time.  The  light  from  a  diadil 
object  entering  the  prism  nearly  at  right  angles  with  the  faoe,  be,  twieenfa 
total  reflection,  and  emerges  perpendicular  to  the  face  a  b,  when  it  cattn  ttl 
eye,  and  appears  as  if  coming  from  the  paper,  MN.  The  image  pnyected  iy« 
the  paper  is  as  ranch  smaller  than  the  object  as  its  distance  from  thepriiaii 
less  than  the  distance  of  the  object.  The  image  can  be  made  to  asiooM  aj 
required  dimensions  by  varying  the  relative  distances  of  the  paper  sad  tk 
objecL  This  instrument  is  principally  employed  by  artists  for  sketehtng  Uii 
scapes. 

A  number  of  other  forms  of  camera  luoida  are  employed  to  suit  different  pv* 
poses,  but  in  all  of  them,  either  the  object,  or  the  pencil  and  paper,  are  rinii 
by  reflected  light,  made  to  coincide  in  direction  with  the  direct  light. 

519.  Photography  is  the  art  of  producing  pictures  by  the  chenuoil 
action  of  light.  The  daguerreotype,  ambrotype,  crystallotjpe,  tod 
phoio-lithograph,  are  all  produced  by  modified  applications  of  the 
camera  obscura.  Instead  of  the  plain  paper  and  pencil  used  by  tbi 
artist  for  sketching  with  the  camera,  a  surface  of  silver  or  oollodioa 
made  sensitive  by  iodine,  bromine,  or  some  other  chemical  preparation 
is  placed  in  the  camera  and  subjected  to  the  action  of  the  light  of  th< 
image  projected  there  by  the  lens.  306 

A  camera  employed  for  photography  in  any 
of  its  forms,  requires  to  be  achromatic,  and 
also  that  the  chemical  rays  shall  be  brought  to 
a  focus  at  the  same  point  as  the  visual  rays,  or 
at  a  well-defined  distance  from  them.  As  objects 
copied  by  photography  are  seldom  flat,  tbu  objec-  ' 
tive  of  the  camera  requires  to  bo  so  constructed 
as  not  only  to  give  perfect  definition  of  all  objects 
situated  in  the  focal  plane,  but  also  it  should  be  adapted  to  give  tolerably  goo* 
definition  of  parts  of  an  object  that  are  situated  a  little  anterior  or  posterior  ti 
the  focal  piano. 

The  usual  form  of  the  camera  employed  in  photography,  is  shown  in  fig.  396 
Thn  achromatic  compound  lens,  A,  is  attached  to  the  box,  C,  and  can  be  mored 
backwards  or  forwards  by  turning  the  milled  head,  D.  The  second  box.  B, 
slides  within  the  first.  A  plate  of  ground  glass  set  in  the  frame,  E,  is  inserted 
in  B,  and  when  the  focus  is  so  adjusted  as  to  give  a  perfect  image  en  the  groaiu 
glass,  this  is  removed,  and  the  sensitive  plate  covered  by  a  dark  screen  is  inserts! 
in  its  place.  The  dark  screen  is  then  removed,  and  the  light  produces  a  cheml 
cal  change  where  the  image  is  projected.  This  image  is  then  made  permanen 
by  vapor  of  mercury  or  other  chemical  applications. 

520.  Railway  illamination. — For  illuminating  railroads,  it  i 
important  to  throw  upon  the  track  a  powerful  beam  of  light,  consistin 
of  rays  nearly  parallel.  When  the  track  is  thus  illuminated,  objed 
upon  it  are  more  readily  di8tinp;ui.shed  by  contrast  with  surroundio 
darkness ;  it  is  therefore  desirable  to  limit  the  light  to  the  immedial 
vicinity  of  the  track. 

The  uummon  method  of  effeoUng  l\i\«  o\>\«c\.  \«  \a  \\aAA  an  Arcand  lamp ; 
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I  of  a  Urg*  psnbolie  raflector  (326),  «itnated  in  front  of  the  locomotiTc. 
Ai  Ught  is  thai  thrown  forward  in  parallel  lines,  and  the  lateral  illumination 
I  by  light  radiated  direetly  from  the  lamp  in  comparatiYcl j  imall. 


521.  Tho  Fresnel  lens,  a  section  of  which  is  shown  nt  o  A  </,  fi^. 
197,  ifl  also  emplojed  for  projecting  a  powerful  beam  of  parallel  lij^ht 
Qpon  objects  to  be  illuminated  at  a  dis-  397 

tsDce.    This  form  of  lens,  invented  and  ^       

first  applied  to  practical  purposes  by 
,  Fresnel,  consists  of  a  central  plano-convex 

kns,  Barrounded  by  segmentary  rings, 
'  with  carvatures  successively  diminishing 

u  mach   as   is   necessary  to  avoid   the 

ipberical  aberration  of  a  single  lens,  the 

oatril  lens,  and  all  the  angular  segments  having  thoir  cui-xcm   >.• 

idjusted  as  to  have  a  common  focus. 

The  sepaentary  rings  are  sometimes  made  entire,  but  generally,  whuu  tbo 
■in  if  considerable,  each  ring  is  composed  of  seTcrul  parts.  The  central  Iokh 
UMtltteral  segments  are  all  cemented  to  a  plate  of  glass,  as  shown  in  the  fi;;ure. 

For  most  purposes,  where  the  Fresnel  Ions  is  employed,  it  is  necessary  tu  ^ivc 
^  illnminating  beam  of  light  a  slight  degree  of  divergence.  It  will  be  easily 
Nta  from  the  figure,  that  if  the  centre  of  the  lamp  is  placed  at  the  principal 
Amu  of  the  lens,  F,  the  divergence  of  the  beam,  after  passing  the  lens,  will  be 
•qsal  to  the  angle  6  A  6,  which  the  flame  of  the  lamp  subtends  at  the  surface  of 
^lui.  A  concave  mirror  is  also  placed  behind  the  lamp,  to  throw  forward 
^%ht  in  a  eondiiion  to  be  refracted  nearly  parallel  by  the  lens  in  front  of  the 
^h  A  much  more  brilliant  beam  of  light  is  obtained  in  this  manner  than  by 
^  pftrabolie  reflectors  alone.  This  lens  is  also  used  in  Franue  fur  railway 
HiofflioAtion. 

522.  Sea-lights,  designed  as  beacons  to  the  mariner  upon  danger- 

0Q8  coastfl,  or  for  lighting  harbors,  are  usually  placed  in  towers,  called 

Ught'hoiises.     The  great  elevation  of  the  light 

permits  it  to  be  seen  far  out  at  sea.   It  is  evident 

that  all  light  thrown  out  above  or  below  the 
plane  of  the  horizon,  is  of  no  avail  to  the 
aariner. 

By  an  ingenious  application  of  the  principles  of  the 

Fresnel  lens,  a  sheet  of  light  is  thrown  out  in  every 

direction  in  the  plane  of  the  horizon.     If  fig.  398  is 

revolved  about  the  central  perpendicular  line,  as  an 

axis,  it  will   generate   the   apparatus   known   as   the 

Frwnel  fixed  lit/ht.     Tho  central  zone  will  consist  of  a 

•cries  of  hoops  whose  perpendicular  section  is  everywhere  the  same  as  a  section 

of  the  Fresnel  lens.     This  zone  will  therefore  so  act  upon  the  light  of  a  lamp 

placed  at  the  centre,  as  to  project  a  sheet  of  light  in  every  direction  in  the  plane 

of  the  horUon.     Above  and  below  the  central  zone,  are  series  of  triangular 
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hoops.     A  section  of  one  of  these  hoops,  and  its  Action  upon  light  ndiiti^ 

from  the  central  lamp,  is  shown  in  fig.  3<)9 ;  A  C  and  B  C  are  plane  heu,  vkfli 

A  B  is  a  convex  surface.     Light  from  the  foons,  F, 

Is  refracted  on  entering  the  face  B  C,  it  nndergoes 

total  reflection  at  the  surface  A  B,  and  a  second 

refraction  at  A  C,  from  which  it  emerges  in  lines 

parallel  to  the  horizon. 

The  focus  of  each  prismatic  hoop  is  carefully 
calculated  for  the  place  it  is  to  occupy,  so  that 
every  part  of  the  apparatus  throws  out  the  light 
that  falls  upon  it  in  a  horisontal  direction. 

523.  Revolving  lights.— To  dUtingaiBh 
one  lighthouse  on  the  coast  from  another,  the 
Fresnel  light  is  so  modified  as  to  give  a 
steady  light,  and  also  revolving  flashes  of  light  of  rerj  great  intensitj. 

In  the  revolving  Fresnel  light,  the  triangular 
prismatic  hoops  above  and  below  the  central  tone 
are  the  same  as  for  the  fixed  light,  but  the  central 
sone  is  made  of  eight  Fresnel  lenses,  fig  400,  set 
as  shown  in  the  lower  part  of  figure.  The  upper 
part  of  the  same  figure  shows  a  front  view  of  the 
central  zone.  While  the  entire  apparatus  revolves 
as  shown  by  the  direction  of  the  arrows,  each  of 
the  eight  lenses  gives  a  very  intense  light  in 
certain  directions,  and  between  any  two  there  is 
no  light  from  the  central  zone  of  lenses.  The 
light  seen  from  any  position  appears  gradually 
to  increase  to  very  great  brilliancy,  and  then  to 
fade  away  to  much  less  than  half  its  maximum 
intensity,  after  which  it  again  increases  to  its 
former  brilliancy.  These  changes  are  repeated  at 
regular  intervals. 

Fig.  401  shows  a  plan  of  a  revolving  Fresnel  light  fixed  in  the  tower  of 
lighthouse.  At  A  B  are  the  parts  shown  in  fig.  400  which  produce  the  flasb( 
of  light.  The  whole  apparatus  is  made  to  revolve  by  means  of  the  clockwoi 
shown  at  M,  which  is  moved  by  the  weight  P.  The  balcony  surmounting  tl 
tower  is  seen  in  the  lower  part  of  the  figure,  also  the  stairs  leading  to  the  ligl 
A  dome,  supported  on  iron  frame-work,  protects  the  illuminating  apparati 
The  distance  at  which  the  light  can  be  seen  will  depend  upon  the  height  of  t 
tower  in  which  it  is  placed. 

The  lamp  used  for  the  Fresnel  light  is  an  Argand  burner,  with  fo 
concentric  wicks,  with  currents  of  air  passing  up  between  them. 

The  wicks  are  defended  from  the  excessive  heat  of  their  united  flames  b; 
superabundant  supply  of  oil,  which  is  thrown  up  from  below  by  a  clock- w* 
movement,  and  constantly  overflows  the  wicks.  A  very  tall  chimney  is  reqni 
to  supply  a  sufiicicntly  i^trong  current  of  air  to  support  the  combast'on.  ' 
Jimcnaious  of  the  Fresuel  light,  and  the  number  of  lenses  and  hoop*  of  wh 
U  consists,  are  varied  to  suit  the  purposes  for  which  it  is  uied;  tha  dghtf 
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twaalj-fiTe  to  three  iboasand  Argand  lamps  of 
401 


.  The  teles tereoscope. — The  image  upon  the  retina  of  e^ery 
a  eye  represents  a  perspective  projection  of  the  objects  situated 

field  of  view.  As  the  positions  from  which  these  projections  are 
are  somewhat  different  for  the  two  eyes  of  the  same  individual, 
rspective  images  tliemselves  are  not  identical,  and  we  make  use 
T  difference  to  obtain  an  idea  of  the  distances  from  the  eye  of  tiie 
nt  objects  in  the  field  of  view. 

images  of  the  same  object  on  the  two  retinas  are  more  different 
tech  other  as  the  object  is  brought  nearer  to  the  eyes.  In  the 
r  very  diBtant  objects,  the  difference  between  the  pictures  oq  the 
24 
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retinsD  of  the  two  eyes  becomes  imperceptible,  and  we  Um  theudjoik 
spoken  of  in  estimating  their  distance  and  bodily  figure. 

The  telestereoscope  is  an  instrument  which  causes  distant  oljectsli 
appear  in  relief.  It  increases  the  binocular  parallax  of  distant  objee(% 
and  by  presenting  to  each  eye  such  a  view  as  would  be  obtained  if  tte 
distance  between  the  two  eyes  were  greatly  increased,  it  givee  the  mm 
appearance  of  relief,  as  if  the  402 

objects  were  brought  near  to 
the  observer. 

Let  6  and  b',  fig.  402,  be  two 
plane  mirrors  placed  at  anglef  of 
45®  with  the  line  bt  Tision ;  let 

c  and  c'  be  two  smaller  mirrors  . 

placed  parallel  to  6  and  b',  and  ^  3    ?  1' 

let  d  and  d'  represent  the  position  of  the  two  eyes  of  the  obtenrer.  It  is  eritet 
that  the  light  from  distant  objects  falling  upon  the  mirron  in  the  direction  a  4 
and  a'  b',  will  be  reflected  to  the  small  mirrors  e  and  e',  where  it  will  be  agsia 
reflected  to  the  eyes  at  d  and  d'.  The  two  views  seen  by  the  eyes  will  evidently 
be  the  same  as  if  the  eyes  were  separated  to  the  positions  m  and  m'.  The  ttivi 
with  which  objects  will  be  seen  by  this  instrument,  will  obviously  be  increased 
as  much  as  the  distance  b  b'  exceeds  the  distance  between  the  eyes  d  and  d'. 

But  while  this  instrument  increases  the  perspective  difference  of  the  images  seen 
by  the  two  eyes,  the  visual  angle  under  which  each  object  is  se«n  remains  an- 
changed,  and  hence,  as  the  apparent  distance  of  the  objects  is  diminished,  their 
dimensions  appear  diminished  in  the  same  proportion.  If  the  small  mirrors  an 
made  to  rotate  on  perpendicular  axes,  while  the  large  mirrors  are  fixed,  tbs 
distortion  of  figure  may  bo  easily  corrected  by  turning  the  small  mirrors  nntil 
objects  appear  in  their  true  proportions. 

If  the  lonsos  of  an  opera  glass  are  inserted  in  the  instrument,  the  convex  field- 
gl  i^^es  being  inserted  at/and/*,  between  the  large  and  small  mirrors,  and  the 
concave  oye-glasses  between  the  eyes  and  small  mirrors,  the  effect  will  be  to 
increase  the  visual  angle  of  every  object  in  the  field  of  view.  If  the  glassei 
magnify  as  many  diameters  as  the  distance  between  the  large  mirrors  exceeds 
the  distance  between  the  eyes,  every  object  will  appear  in  its  due  propor- 
tions, and  the  effect  will  be  surprising.  The  appearance  will  be  as  thongb 
the  observer  had  been  actually  transported  to  the  immediate  vicinity  of  ths 
objects  themselves.  The  distance  between  the  large  mirrors  of  the  telestereo- 
scope should  not  exceed  the  breadth  of  an  ordinary  window,  unless  it  is  to  be 
used  in  the  open  air,  when  it  may  be  made  of  any  dimensions  that  are  desired, 
and  the  effect  produced  will  be  in  proportion  to  its  magnitude. 

525.  The  Bteieoacope  (from  <rre/>e($Ci  solid,  and  inovim,  to  see)  is 
an  instrument  so  constructed  that  two  flat  pictures,  taken  under  certain 
conditions,  shall  appear  to  form  a  single  solid  or  projecting  body. 

In  order  to  produce  this  illusion,  different  images  as  obserred  by  the 
two  eyes  (484)  must  be  depicted  on  the  respective  retime,  and  yet 
appear  to  have  emanated  from  one  and  the  same  olject.  Two  piotarei 
are  therefore  taken  from  the  really  projecting  or  solid  body,  the  one  as 
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bj  the  right  eye  only,  and  the  other  as  seen  by  the  left. 
Then  pictures  are  then  placed  in  the  box  of  the  stereoscope,  which  is 
/bnisbed  with  two  eye-pieces,  containing  lenses  so  constructed  that  the 
njB  proceeding  from  the  respective  pictures,  to  the  corresponding  eye- 
pteees,  shall  be  refracted  or  bent  outward,  at  such  an  angle  as  eiich  set 
of  nys  would  have  formed  had  they  proceeded  from  a  single  picture  in 
the  ceotre  of  the  box  to  the  respective  eyes  without  the  intervention 
of  the  lenses. 

It  is  an  axiom  in  optics  that  the  mind  always  refers  the  situation  of 
ID  object  to  the  direction  from  which  the  rays  appear  to  proceed  when 
they  enter  the  eyes;  b'>th  pictures  will  therefore  appear  to  have 
emanated  from  one  central  object.  As  one  picture  represents  tlie  real 
or  projecting  object  as  seen  by  the  right  eye,  and  the  other  as  obscrv^ 
by  the  left,  though  appearing  by  refraction  to  have  both  proceeded  from 
the  same  object,  the  sensation  conveyed  to  the  mind,  and  the  judgment 
formed  thereon,  will  be  precisely  the  same  as  if  both  images  were 
derived  from  one  solid  or  projecting  body,  instead  of  from  two  pictures. 
Consequently  tlie  two  pictures  will  appear  to  be  converted  into  one 
Bolid  b(Mlv.  40a 


X 

X 

X 

If  two  pictarea  of  an  octahedron,  as  A 
and  B,  fig.  403,  such  as  would  be  formed 
on  lie  rctinsc  of  two  eyes,  are  placed  in 
the  8terco:»copc,  fig.  404,  they  give  to 
the  obaerver  the  idea  of  a  real  noHd  octa- 
hedron, instead  of  the  ordinary  picture,  G.  Photographs  of  natural  scenery, 
taken  from  two  positions,  when  yiewed  in  this  instrument,  appear  in  relief  like 
real  objects. 

The  construction  and  aotion  of  the  stereoscope  will  be  readily  understood  by 
reference  to  figs.  405  and  406.  From  a  double  concave  lens,  A  B  A'  D,  two 
•coentric  lenses,  represented  by  the  smaller  406 

circles,  are  formed.  E  A  r,  in  the  lower 
part  of  the  figure,  represents  a  transverse 
section  of  one  of  these  eccentric  lenses,  and 
£  A' «  the  other.  Each  lens  is  equivalent 
to  a  triangular  prism  E  A  e,  with  a  piano-  ft  I 

404  405  _         /// 


MBvex  lens  Mmented  to  each  refracting  face  of  the  nrism.    Fig.  406  shows  a 
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•oetion  of  the  itoreoioope,  the  ecoentrio  eje-lenies  A  E,  A'  E%  being  pkicd  it 
the  ordinary  distance  of  the  eyes,  with  their  thin  edges  towards  each  other  I4 
P  and  P'  represent  two  corresponding  points  in  the  stereoscopic  photogn|Ai 
which  are  to  be  examined.  The  rays  of  light,  diverging  from  the  point  P,  &B> 
ing  upon  the  eye-lens,  are  refracted  nearly  parallel,  and  by  the  prismatk  fiin 
of  the  lens  are  deflected  from  their  course,  and  emerge  fh>m  the  lens  ia  da 
same  direction  as  if  emanating  from  the  point  0.  In  the  same  manner  the  n|i 
from  the  point  P  also  appear  to  diverge  from  the  point  0.  The  same  is  Um  af 
all  similar  parts  of  the  two  pictures ;  thus  the  pictures  appear  superisipMii 
upon  each  other,  and  together  produce  the  appearance  of  relief,  for  whkfa  tb 
storeoscupe  is  so  much  admired. 

The  eccentric  lenses  of  the  stereoscope  are  sometimes  fixed  in  position,  bit 
they  are  often  inserted  in  tubes,  as  in  fig.  404,  which  can  be  extended  to  adipt 
the  focus  to  difierent  eyes,  or  separated  to  a  greater  or  less  distance,  to  iiitthi 
distance  between  the  eyes  of  different  persons. 

^  If  stereoscopic  photographs  are  taken  from  positions  too  widely  separsted 
from  each  other,  objects  stand  out  with  a  boldness  of  relief  that  is  quite  si- 
natural,  and  the  objects  appear  like  rery  reduced  models.  In  taking  stereoscopie 
miniatures  especially,  great  care  is  required  to  preserve  a  natural  appeanoei. 
In  general,  a  difference  of  a  few  inches  in  the  two  positions  of  the  cameras,  ptn 
sufficient  relief  to  the  pictures  when  seen  in  the  stereoscope. 

For  public  buildings  and  landscapes,  two  cameras  are  nsnally  employs^ 
placed  on  a  stand  three  or  four  feet  from  each  other.  If  it  is  desired  to  show  s 
groat  extent  of  a  distant  landscape,  or  to  exhibit  in  miniature  the  grouping  m4 
form  of  distant  mountains,  two  stations  should  be  selected  that  are  widely  sqwr 
ratcd ;  but  in  such  cases,  care  should  be  taken  that  no  near  objects  are  admitted 
into  the  picture. 

526.  The  stereomonoscope  (described  by  Mr.  Claudet,  of  Loodon) 
is  an  instrument  by  which  a  single  image  is  made  to  present  the 
appearance  of  relief  commonly  seen  in  the  stereoscope,  and  by  meant 
of  which  several  individuals  can  observe  these  effects  at  the  same 
time. 

Let  A,  fig.  407,  be  an  object  placed  before  a  large  convex  lens,  L,  an  imags 
of  the  object  will  be  formed  at  a,  in  the  coigugate  focns  of  the  lens,  and  f^oa 
the  image  a  the  rays  of  407 

light  will  diverge  as  from 
a  real  object,  which  will 
be  seen  by  the  eyes  placed 
at  e  e,  e'^e',  or  any  other 
position,  in  the  cone  of 
rays  6  a  c.  Thus  several 
persons  may  at  the  same 
time  see  the  image  sus- 
pended in  the  air.  If  a  screen  of  ground  glass  is  placed  at  S  S,  the  image  will 
appear  spread  out  upon  the  glass,  but  it  will  appear  with  all  the  perspective 
relief  of  a  real  object  An  image  thus  formed  on  ground  glass  can  be  »«en  unty 
in  tbo  direction  of  the  incident  rnys.  This  is  not  the  ca^e  with  an  image  fonmn) 
on  paper,  which  radiates  the  light  in  all  directions,  and  is  heuce  iucapdbie  ul 
giving  a  stereosoopio  effect  in  such  oircnmstanoes. 
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The  itireomonoseope  conrista  ( f  a  screen  of  grouod  gla»s,  S  S,  fig.  408,  and 
1*0  eonvAZ  lenses,  A  L,  B  L^  so  placed  as  to  form  images  of  two  stereoscopic 
9ktuM,MaBdN,atth6 
ftbt  a  on  the  screen 
88.  Thongh  the  two 
fielam hare  their  imftge 3 
nptfiaiposed  on  the  same 
firt  of  the  tereen  S  8, 
«eh  pietnre  «j«ii  be  seen 
m{j  bj  the  rays  proceed- 
isf  from  the  photograph 
hj  whkh  it  was  formed.  If  the  eyes  are  so  placed  that  the  right  eye  is  in  the 
ifaMtioB  of  the  rays  eoming  from  one  lens,  and  the  left  eye  in  the  direction  of 
njfi  eonUng  from  the  other  lens,  the  object  will  appear  in  relief  as  in  the  stereo- 
tKpt,  and  lereral  persons  ean  witness  the  effect  at  the  same  time.. 

{  7.  Physical  Optics. 

I.     INTERFERINCI,  DIFFRACTION,  FLU0R18CENCS,  AC. 

527.  Interferenoe  of  light. — The  interference  of  vibrations  and 
vtTes,  has  been  already  alluded  to  in  the  theory  of  undtdaiiona  (328, 
233),  bat  the  phenomena  of  luminous  interference  require  some  further 
ipeoial  consideration. 

Let  A  B,  B  C,  fig.  409,  be  two  plane  mirrors,  making  with  each  other  a  very 
obtase  angle  (rery  near  180°) ;  let  a  beam  of  sunlight,  entering  a  dark  room  by 
§  small  opening,  be  brought  to  a  focus  by  a  lens,  L ;  409 

if  thifl  light,  diverging  from  a  focus,  F,  is  allowed 
to  fSftll  very  obliquely  upon  the  two  mirrors,  as 
shown  in  the  figure,  it  will  be  reflected  as  if  diverg- 
ing from  two  luminous  points,  M  and  N,  and  the 
light  thus  reflected  will  be  in  a  condition  to  inter- 
fere. Draw  0  P  perpendicular  to  M  N,  from  a 
point  0,  midway  between  them.  It  is  evident  that 
every  point  in  the  line  B  P,  will  be  equally  distant  {f 
from  the  luminous  points  M  and  N ;  the  waves  of 
light  which  cross  each  other  in  the  line  B  P,  will 
therefore  be  in  the  same  phase  of  vibration,  and 
consequently  produce  a  line  of  light  of  double 
intensity.  Let  the  smooth  circular  arcs  represent 
the  phases  of  elevation,  and  the  dotted  arcs  phases 
of  depression ;  then  where  a  dotted  arc  crosses  a 
smooth  are,  the  two  waves  should  counteract  each  other  and  produce  darkness. 
The  open  dots  represent  vibrations  meeting  in  the  same  phase,  and  the  black 
dots  represent  vibrations  meeting  in  opposite  phases,  which  produce  darkness. 
The  symmetrical  curves  formed  by  the  intersection  of  light  from  the  two  points 
M  and  N,  on  both  sides  of  the  central  line,  are  of  the  form  known  in  geometry 
as  hyperbolas. 

The  distanoe  on  each  side  of  the  line  B  P,  where  the  luminous  waves  will  be 

again  In  a  like  state  of  accordance  represented  by  the  crossing  of  the  smooth 

area  in  the  figure,  will  depend  on  the  interval  between  them,  which  is  different 

for  different  colors ;  for  red,  it  is  half  as  much  again  as  fur  violet  light ;  henee 

«4» 
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the  distance  between  the  carres  of  double  inteiultj  wfll  bo  loart  fbr  Hokl  HsM^ 
greatest  for  red,  and  iutormediato  for  the  other  oolorf  of  the  ipeetram,  ee  dm 
while  all  the  colors  are  united  in  the  oentrsl  line  B  P,  thej  will  be  eapanled  i» 
the  other  bars,  and  form  a  seriei  of  eolored  firingei.  In  ezperimeBtiy  thto  eerree 
to  distinguish  the  central  bar,  namely^  thftt  the  other  ban  we  ecdored  ijM- 
mctrically  on  each  side  of  it 

Half  way  between  two  placet  of  eomplete  aceordenoe  there  nnut  oeear  a 
place  of  complete  discordance,  where  the  difference  of  distaoeei  firom  M  aad  N 
is  ^  an  interval,  or  |,  |,  or  },  Ac;  and  according  to  the  andnlatory  theoiy, 
there  would  be  complete  darkness.  Between  these  and  the  places  of  eoBplote 
accordance,  there  would  bo  intermediate  stages  of  aeeordaace  and  diecordancei 
hence  there  would  be  bright  bars  shading  into  dark  ones»  all  more  or  leas  eoloni 
except  the  central  bars,  where  all  the  colors  are  in  a  state  of  eoBplete  aeeordaaeiu 

By  careful  measurement  of  distances  between  the  Ivmlnoos  and  dairfc  bai% 
the  lengths  of  luminous  wares  of  different  colors  hare  been  TOiy  aeoavaidy 
ascertained. 

528.  Facts  at  variance  with  theory. — When  the  etmoephere  it 
free  from  clouds,  and  the  sunlight  is  brightest^  the  eemtrol  bar  (vhieh^ 
according  to  theory,  should  be  bright)  is  found  to  be  a  blaek  onc^  what- 
ever be  the  material  of  which  the  mirrors  are  oomposed.  Bnt  when 
the  sun  is  near  setting,  the  central  bar  has  been  seen  undonbtedlj  a 
bright  one.    It  has  also  been  seen  as  a  bright  bar  when  the  lominow 
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i  Unph  of  path  it  hai  to  traTel  in  twice  trarersing  the  film,  and  B'  T' 
wiil,  iq  »  *iuiilar  mannrr,  TnU  behind  the  ray  13  T,  by  the  interval  //  *f.  If  ihcju 
nUnUtian«  equal  the  inturval  bf  an  udd  Dumber  of  half  vibrations,  thuy  will 
iBterfdm.  u  they  uriginaUid  from  a  common  wave,  in  the  ray  S  A.  The  rufleutcd 
n/i  du  noi  differ  greatly  in  intensity,  which  is  for  each  about  one-thirtieth  that 
of  thein-ideot  light  for  glana,  and  therefore  their  interference  produoen  black> 
KM  where  they  destroy  each  other.  The  transmitted  light  has  the  principal 
beim  of  little  IcM  intensity  than  the  incident  beam,  having  lost  only  about  one- 
liiiricij  part  by  refleciion  at  each  of  the  points  A  and  B ;  but  the  intensity  of 
the  tvirc  reflected  beam  which  interferes  with  it  is  about  one-thirtieth  of  one- 
ifairiteih.  nr  one  nine-hundredth  of  that  of  the  incident  Warn ;  hence  the  difier- 
mre  &f  ibe  intensities  of  the  bright  and  dark  bands  formed  by  transmitted  light 
ii  Bervr  as  great  as  in  the  reflected  beams.  But  the  difference  between  the 
hrij^hi  and  dark  bands  is  different  for  different  colors  of  the  spectrum,  being 
lea<i  for  violet  light,  and  greatest  for  red.  This  fact  is  thought  to  be  contrary 
tu  vhst  should  have  been  expected,  according  to  the  undulatory  theory. 

530.  Newton*B  ringfs. — If  a  plane  plate  of  polished  glass  is  pressed 
«;.'ainNt  a  {•Iniio-cuiivex  lens  whose  radius  of  curvature  is  known,  the 
interference  hsinds  hecoinc  colored  rings,  and  the  exact  thicknenH  of  the 
film  <if  air  by  which  each  ct»lor  is  produced  is  easily  estimated. 

The  form  of  this  apparatus  is  shown  in  fig.  411.     The  letters  and  explanation 

of  the  figure  are  similar  to  the  preceding.     When  the  two  glasses  are  pressed 

inicjcDtly  near  together,  the  centres  appear  black  ^n 

t>;  reflected  light,  and  bright  by  transmitted  light. 

The  tbicknoisfl  of  the  film  of  air  where  the  first 

^Icr  appears,  is  equal  to  one-half  the  retardation 

Prt/ducing  that  color;  hence  the  length  of  the  wave, 

or  Hhrattf>n,  for  any  color,  is  estimated  as  equal 

^  (irirv  the  thicknefes  of  the  film  of  air  where  the^ 

Colcir  appearii.     The  colors  succeed  each  other  in 

the  oplt-r  of  the  length  of  the  vibrations  required 

to  pntduce  them.     A  second,  third,  and  fourth  series  of  colored  rings  will  bo 

foaod.  where  the  thickness  of  the  film  is  an  exact  multiple  of  the  thiokne:<s 

required  to  produce  the  first  scries  of  colors.     The  distance  between  the  first  and 

•econd  series   depends  on  the  rapidity  with  which  the  thickness  of  the  film 

urreases.     In  the  case  of  a  lens  pressed  against  a  plate  of  glas!<.  the  di.stance 

tetween  the  glasses,  or  the  thickness  of  the  film,  increases  as  the  Kquare  of  the 

listaoee  from  the  centre.     The  diameters  of  the  bright  rings  will  therefore  be  as 

be  aquare  roots  of  the  numbers  I,  2,  3,  Ac,  and  the  diameters  of  the  dark  rings 

rill  be  as  the  square  roots  of  the  numbers  U,  2^,  3i,  Ac.     The  distance  between 

ncceiisive  rings  of  violet  will  be  much  less  than  the  distance  between  successive 

ings  of  red ;  one  series  of  colors  will  therefore  overlap  some  of  the  colors  in 

be  succeeding  series  of  colored  images,  and  by  their  admixture  produce  colors, 

lie  saccessive  groups  of  which  are  designated  as  Newton's  first,  second,  third, 

;c.,  orders  of  colors. 

531.  Itength  of  Imninoos  waves  or  vibrationa. — By  such  means 
4  we  have  described,  the  lengths  of  the  vibrations  required  to  produce 
itferent  colore  have  been  estimated. 
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The  following  table  exhibits  the  nnmerieal  reralts  wbieh  have  been 
for  the  length  and  velocity  of  laminons  yibrations  of  different  eolon. 


Length  of  undolatiooa 

Nnmberof  tindalik 

.VoaberoroaMiflH 

Oolora. 

In  parte  of  an  inch. 

tiooB  In  an  Ineh. 

perMoaid. 

Extreme  red,  . 

w         0-0000266 

87640 

46o,vvOUvv,MMH 

Red 

00000266 

39180 

477,000000,0M«M 

Orange,       .    . 

0-0000240 

41610 

60  6f  000000,  OOMN 

Yellow,       .    . 

0-0000227 

44000 

6S6,000000,OOMei 

Green,    .    .    . 

00000211 

47460 

677,000000,«MNI 

Blue,      .    .    . 

0-0000196 

61110 

622,000000,OMIN 

Indigo,  .    .     . 

00000185 

64070 

668,000000,MO«II 

Violet,    .    .     . 

00000174 

67490 

Extreme  riolet, 

0-0000167 

69760 

According  to  Eisenlohr  (Am.  Jour.  Sci.  [2]  XXII.),  the  length  of  the  Tibi» 
tions  in  the  extreme  red  ray  is  just  double  the  length  of  the  ribrations  of  th 
inviaiblo  rays  beyond  the  violet,  which,  by  concentratioQ,  produee  the  laveidi 
light  of  Herschol.  The  entire  range  of  visible  rays  differs  in  the  lengtk  ^ 
vibrations  only  by  the  amount  of  one  octave  in  music. 

When  we  consider  the  almost  inconceivable  velocity  with  which  these  woadtr 
fully  minute  vibrations  are  propagated,  it  is  evident  that  absolute  demoastntiM 
of  the  real  nature  of  light  must  be  among  the  profoundest  researches  of  phynflt 
soienoe. 

532.  Diffiraction. — If  a  razor  is  held  with  its  flat  surface  toward 
the  rays  of  the  sun,  the  rays  that  pass  Id  close  proximity,  both  to  th* 
edge  and  to  the  back,  will  be  deflected  as  shown  in  fig.  412.  A  poriioi 
of  the  rays  are  deflected  outwards,  appearing  to  suffer  reflection ;  th 
back  of  the  razor  deflecting  the  rays  outward,  more  than  the  shv 
edge;   but  the  edge  of  the  razor  deflects  412 

more  light  into  the  place  of  the  geometru 
cal  shadow,  than  is  deflected  inwards  by 
the  back  of  the  instrument.  These  differ- 
ences are  represented  by  the  closeness 
of  the  lines  drawn  to  represent  the  rays 
where  the  greatest  amount  of  light  is  de- 
flected. If  the  body  interposed  is  narrow, , 
like  a  fine  needle  or  a  hair,  the  rays  de- 1 
fleeted  inwards  cross  each  other,  and  pro- 
duce the  phenomena  of  interference  in 
accordance  with  the  undulatory  theory.  The  rays  deflected  OQtwa 
produce  interference  with  the  rays  not  deflected,  but  bright  lines  app( 
where  the  undulatory  theory  would  give  dark  lines.  All  the  brif 
and  dark  lines  are  bordered  with  colored  fringes,  as  in  ordinftry  m 
•f  interference.    These  phenomena  are  best  seen  in  a  dark  i 
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lookiDg  thfon^  ad  •ye-lent  at  a  hair  or  needle,  at  a  considerable  die- 
tanee  from  a  lamp,  or  bj  looking  at  a  beam  of  sunlight  admitted  to  a 
dark  room  between  two  sharp  parallel  edges.  The  rajrs  that  have  been 
diffiraoted  or  bent  into  the  geometrical  shadow,  are  not  as  readily 
defleoted  again  in  the  same  direction,  but  are  more  easily  deflected  in 
the  opposite  direction  than  rays  which  have  undergone  no  such  pre- 
▼iona  change. 

533.  FliiCNPMO«noa. — BpipoUo  diaperaion.— Certain  bodies,  as 
fluorspar,  glass  colored  yellow  by  oxide  of  uranium,  called  canary 
glau,  solution  of  sulphate  of  quinine,  infusion  of  the  bark  of  the  horse- 
chestnut,  and  many  other  vegetable  infusions,  possess  the  remarkable 
property  of  so  dispersing  some  part  of  the  light  passing  through  them, 
that  the  course  of  the  luminous  rays  becomes  visible. 

These  pbenomena  are  best  exhibited  by  bringing  a  pencil  of  light  to  a  fooni 
in  the  interior  of  any  of  theee  ■abstaaeei,  by  meane  of  a  convex  lens,  when  the 
eoone  of  the  rays  will  become  viiible,  as  though  the  portion  through  «rhioh  the 
light  paaeed  had  beeome  eelMnminoas.  The  rayi  of  light  of  high  refrangibility, 
especially  the  violet  and  the  invisible  chemical  rays,  are  subject  to  this  kind  of 
dispersion,  their  reflrangibility  is  at  the  same  time  changed,  and  probably  the 
length  of  their  luminous  waves  is  increased,  so  that  rays  preriously  invisible 
may  be  seen  by  the  eye.  These  phenomena  have  been  called  by  various  names, 
as  internal  dispersion,  epipolic  dispersion,  and  flnorescenco.  The  latter  term, 
derived  from  fluor-spar,  and  adopted  by  Mr.  Stokes,  is  considered  the  more 
appropriate  term,  as  it  involves  no  theory. 

This  change  of  the  refirangibility  and  length  of  luminous  waves  is  anala- 
gous  to  the  change  of  pitch  in  reflected  sounds  beard  in  certain  remarkable 
echoes  (|  356). 

534.  Fhoaphoreaoenoe. — Certain  bodies  after  being  exposed  to  the 
aetiun  of  light,  acquire  the  property  of  shining  in  the  dark  (399).  The 
motft  remarkable  phosphorescent  bodies  are  the  sulphurets  of  barium, 
strontium  and  calcium,  some  kinds  of  diamonds,  roost  varieties  of 
fluoride  of  calcium,  particularly  the  variety  known  as  chlorophane, 
compounds  of  lime,  magnesia,  soda  and  potash,  salammoniac,  succinic 
and  oxalic  acids,  b(»rax,  dried  paper,  silk,  sugar,  sugar  of  milk,  teeth,  Ac. 

The  time  during  which  these  bodies  emit  light  varies  from  a  fraction 
of  a  second  to  several  hours,  and  the  intensity  of  the  emitted  light 
varies  in  a  similar  manner. 

The  study  of  these  phenomena  requires  the  use  of  delicate  apparatus  adapted 
to  the  purpose. 

1.  The  more  refrangible  rays  of  the  spectrum  in  general  act  more  powerfully 
to  produce  pbospborencence  in  bodies  exposed  to  their  influence  than  the  less 
rcfi audible  ravR.  In  Home  caves  the  invisible  rays  of  the  spectrum,  t.  e.,  the 
rav:^  beyond  the  violet,  produce  a  brilliant  phosphorescence. 

2.  The  least  refrangible  rays,  as  the  red,  not  only  generally  produce  no 
pboephoreseenee,  but  even  counteract  the  influence  of  the  more  refrangible  rays 

>  when  ndxed  with  them. 
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3.  The  ware  lengths  of  light  emitted  in  the  dark  by  phoaphoreMOit  1 
are  in  general  greater  than  those  of  the  exciting  rays ;  t.  e.,  the  pbosphonsMl 
light  shows  a  color  belonging  to  a  part  of  the  speetrnm  nearer  to  the  red  tlui 
the  light  which  produced  it«  though  in  a  few  cases  the  color  is  nnaltcred. 

4.  The  refrangibility  uf  the  light  emitted  by  phosphorescent  bodies  < 
upon  their  molecular  condition,  and  not  merely  upon  their  chemical  c 
Each  phosphorescent  body  appears  to  be  adapted  toTibrato  in  harmony  with  As 
wave  lengths  of  some  colors  more  readily  than  with  others. 

5.  One  and  the  same  body  may  emit  rays  of  rery  different  colors,  aeeordiBf  to 
the  time  which  interrencs  between  the  action  of  light  and  the  moment  of  ohiwa- 
tiiin.  This  last  result  shows  that  vibrations  of  different  velocities  are  piossiiii 
fur  unequal  times  in  different  bodies ;  sometimes  it  is  the  vibrations  coiieipeii 
ing  to  the  less  refrangible  rays  which  continue  longest)  as  in  bisnlphats  «f 
quinine,  double  cyanide  of  potassium  and  platinum,  diamond,  Ac  Somti— 
the  most  refrangible  rays  are  most  durable,  as  in  Iceland  spar. 

6.  Many  bodies,  such  as  glasses  and  certain  compounds  of  uranium,  owe  lUl 
fluorescence  entirely  to  the  persistence  of  the  luminous  impressions  for  a  ittf 
short  time,  not  exceeding  a  few  hundredths  of  a  second ;  the  intensity  ni  tbt 
emitted  light  is  then  very  brilliant 

It  is  probable  that  phosphorescence  and  fluorescence  differ  from  one  aaotlMr 
only  in  the  time  during  which  a  luminous  impression  is  preserved  is  bodies. 

These  conclusions,  which  support  the  theory  of  undulation  as  at  presot 
admitted,  prove  that  luminous  vibrations,  when  transmitted  to  any  body,  or  it 
least  to  a  great  many  bodies,  compel  its  molecules  to  vibrate  for  a  time,  sad 
with  an  amplitude  and  wave  length  which  depend  not  only  on  the  chemical  coa- 
stitution  of  the  body  but  also  on  its  physical  condition.* 

535.  Colors  of  grooved  plates. — Fine  lines  engraved  upon  polished 
steel,  and  lines  drawn  upon  glass  with  a  diamond  point,  if  sufficientlj  near 
together,  cause  a  beautiful  iridescence  by  the  interference  of  light  n- 
flected  from  such  surfaces.  The  beautiful  play  of  colors  seen  upon  mother 
of  pearl  is  caused  by  the  delicate  veins  with  which  the  surface  is  coTeied. 

II.    OPTICAL  PHENOMENA  OF  THE  ATMOSPHERE. 

536.  The  rainbow  is  one  of  the  most  wonderful  and  beautiful  pheno- 
mena in  nature.     In  it  reflec-  4X3 

tion,  refraction,  dispersion,  and 
interference  of  light,  are  all 
combined.  It  is  seen  in  that 
part  of  the  heavens  opposite  to 
the  sun,  when  the  sun  is  less 
than  forty-two  degrees  above 
the  horizon.  The  shadow  of 
the  eye  of  the  observer  will 
always  point  to  the  centre  of 
the  circle  of  which  tho  rainbow 
foruiK  a  part ;  hence,  as  the  sun  descends  near  the  horizon,  the  rtuibov 


*  Edmond  BeoqaeraV,  BU*v>tkeque  UnKverteC^e^  vol.  XVL  p.  21. 
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liM  higher,  and  m  the  sun  ascends  the  morning  sky,  the  height  of  the 
niabow  diminishes. 

To  madcnuod  the  formation  of  the  rainbow,  wo  must  first  examine  the  action 

if  a  iiBfle  drop  of  water  npon  parallel  rajs  of  light.     Lot  the  circle,  fig.  413, 

npniMt  a  drop  of  water,  and  B  A,  SB,  Ac.,  parallel  rays  of  light  falling  upob 

k  The  ray  S  A,  which  falls  perpendicularly  npon  the  drop,  will  suffer  no  devia- 

tkm  in  its  direction,  but  will  be  partially  refiected  backward  in  the  lino  of  iuci- 

,  though  it  will  principally  pass  through  the  drop.     The  ray  S  a,  will  bo 

I  to  6,  where  it  will  be  reflected  to  c,  and  will  emerge  in  the  dirooticm  c  </, 

( a  certain  angle  with  the  direction  of  the  original  ray  8  a.   As  the  distance 

<f  the  incident  ray  from  A  increases,  tHe  emergent  ray  will  make  a  greater  angle 

vith  the  incident  ray,  till  we  arrive  at  B,  where  two  successivo  rays  will  emerge 

ptfallel,  as  shown  by  the  heary  line,  SBy  ep,  which  deviates  more  from  the 

direction  A  S,  than  any  ray  incident  at  a  greater  or  less  distance  from  A.     As 

VI  proceed  from  A,  towards  C,  the  deviation  of  the  emergent  ray  will  diminish, 

iod  every  ray  between  B  and  C  will  emerge  parallel  to  some  other  ray,  which 

Mfterid  the  drop  between  A  and  B ;  S  jf  will  emerge  in  «'  m,  parallel  to  e"  n,  which 

Miered  the  drop  at  the  ray  S  x.    The  ray  S  C,  which  is  tangent  to  the  drop,  will 

be  refracted  to  «,  and  emerge  in  the  direction  k  o,  making  an  angle  of  about 

twenty-five  degrees  with  e  p^  the  line  of  greatest  deviatiun. 

The  light  which  enters  the  drop  in  parallel  rays  will  therefore  emerge,  spread 
ever  the  entire  space  between  ep  and  cd;  but  having  its  greatest  intensity  near 
the  direction  ep.  and  rapidly  diminishing  towards  e  d. 

If  A  Y,  fig.  414,  represent  the  position  of  the  lino  ep  of  fig.  413,  the  dotted 
curve,  by  ite  height  above  A  X,  will  show  how  rapidly  the  intensity  of  the 
light  fades  away,  as  the  distance  from  ep  increases  414 

toward  e  d,  where  the  intensity  is  sero.  Yl 

Since  we  have  at  every  angle  between  ep  and  r.  d, 
parallel  rays  which  have  traversed  different  paths 
through  the  drop,  we  shall  have  all  the  phenomena  of 
bright  and  dark  band^,  produced  by  interference. 

The  intersection  of  the  emergent  rays  will  form  a 
eaostic  curve  k  q,  tangent  to  the  circle  at  k,  and  ap- 
proaching constantly  to  parallelism  with  the  asymptote  cjd,  which  it  will  never 
■Met.  If  the  emergent  rays  between  e  and  e  were  extended  batrkwardi*,  they 
woald  form  another  caustic  h  I,  having  e/>  produced  backward  for  it.M  a.symptote. 
The  caustic  curve  k  I,  commences  in  a  direction  perpemiioulur  to  the  surfucu  of 
the  drop,  and  approaches  the  asymptote  without  ever  tuiichiug  it.  The  curves 
q  r,  formed  by  unwrapping  a  thread  from  the  caustic  k  q,  and  q  r',  formed  by  a 
thread  from  the  caustic  /  A,  show,  by  their  gradual  separation,  the  amount  of 
ntardation  of  the  wave  surface  of  the  two  sots  of  parallel  rays  which  interfere 
between  e  p  and  r  d. 

According  to  the  undulatory  theory,  we  shall  have  bright  bands  where  the 
rays  have  traversed  equal  distances,  or  distances  differing  by  any  number  of 
entire  vibrations,  and  dark  bands  where  the  rays  differ  by  an  odd  number  of  half 
Tibrations. 

These  bright  and  dark  bands  are  readily  seen,  with  proper  precautions,  with 

light  reflected  from  a  drop  of  water  suspended  at  the  point  of  a  fine  glass  tube. 

Whan  monoohromatie  light  is  used,  thirty  or  forty  of  these  bright  and  dark  bands 

Buy  be  ooanted. 

The  braadth  of  the  bright  and  dark  bands  varies  with  the  site  of  the  drop 
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from  which  the  light  is  reflected.  The  interinrence  bandg  ruj  alio  fortbitit 
fcrent  c<»lurs,  heing  uearly  twice  as  hroad  for  red  as  for  riolet  light  Wta 
white  light  is  employed,  the  first  red  band  only  is  pure,  the  other  Iwidi  bug 
more  or  less  confused  by  the  anequal  super-position  of  different  colon. 

If  we  consider  only  the  first  two  bright  bands  of  each  color,  we  cm 
easily  explain  the  common  phenomena  of  the  rainbow.  A  little  witfaii 
the  cau8tic  curve,  k  q^  fig.  413,  on  its  convex  side,  we  shall  haTt  t 
bright  light,  represented  in  intensity  by  the  curve  a,  fig.  414,  and  i 
second  baud  of  the  same  color  at  6,  of  feebler  intensity.  As  the  refrs^ 
live  index  for  red  rays  is  less  than  for  the  other  colors,  the  red  will 
diverge  more  from  the  incident  ray,  after  refraction,  than  the  violflti 
and  other  colors  will  appear  intermediate. 

Suppose  now  that  in  a  shower  of  rain  a  ray  of  light  from  the  m 
falls  upon  a  drop  of  water  at  r,  fig.  415,  and  is  reflected  from  its 
surface,  so  as  to  give  to  the  eye  the  415 

red  ray  of  maximum  intensity,  r  £,  a 
drop  below  it  will  give  a  violet  ray  of 
maximum  intensity,  0  £,  and  interme- 
diate colors  will  be  formed  in  the  same 
manner  by  intermediate  drops.  Let 
the  planes  of  incidence  and  reflection 
revolve  about  a  line  S  £  S,  drawn  from 
the  sun  through  the  eye  of  the  ob- 
server ;  the  position  of  the  drop 
from  which  light  can  reach  the  eye 
will  describe  the  arch  of  the  rainbow. 

The  radius  of  the  primary  rainbow  measured  from  the  extreme  reo 
was  found,  by  Sir  Isaac  Newton,  to  be  42°  4\ 

The  purity  of  the  several  colors  in  the  rainbow  is  the  result  of  i]lte^ 
Terence,  which  produces  dark  bands  for  each  particular  color,  giving  t 
clear  space  for  the  delineation  of  the  other  colors  of  the  rainbow  before  the 
flrst  color  is  repeated.  When  the  rain-drops  difier  greatly  in  size,  as  is 
often  the  case,  the  different  colors  of  the  first  and  second  interference  * 
bands  overlap  and  mingle  together,  and  the  bow  is  but  imperfectly 
developed. 

A  secondary  rainbow^,  with  violet  above  and  red  below,  is  formed  by  light 
which  has  been  twice  reflected  within  the  drops,  as  shown  in  fig.  415,  the  nji 
entering  the  lower  border  of  the  drop,  and  emerging  near  the  upper  border.  Tkf 
same  principles  of  interference  determine  the  purity  of  colors,  and  angle  of 
maximum  intensity,  as  in  the  primary  bow.  The  loss  of  light  occasioned  by 
two  reflections  accounts  for  the  feebler  intensity  uf  the  secondary  bow.  Is 
the  secondary  bow,  the  order  of  colors  is  the  reverse  of  the  primary,  vioM 
being  otttermoit. 
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litirtoB  ttmnM.  tte  dSttesM  b«twemi  the  primary  tod  leeondary  rainbows  to 

A  apmloilB  xvlnbow  ii  often  seen  within  the  primary  bow,  as  shown  at 
pq,  1kg.  415.  Thii  is  formed  by  the  seeond  bright  band  of  eaoh  color,  the 
poaition  and  intensi^  of  whieh  is  represented  at  b,  fig.  414.  A  third  and  fourth 
bow  is  also  sometimes  seen,  still  interior  to  the  second,  bnt  the  colors  of  the 
third  and  fonrth  orders  are  so  much  mingled  that  only  two  or  three  appear  in  any 
bow  Interior  to  the  first  spnrions  bow. 

537.  Fog-bowB. — ^Halos. — Coronas. — Parhelia. — Fog-hmoM,  which 
are  sometimes  seen,  diffor  from  the  rainbow  by  the  extreme  minuteness 
of  the  spherules  of  water  fh>m  which  the  reflection  takes  place. 

Halo9  are  prtsmatio  rings  seen  aroond  the  sun  or  moon,  varying 
from  V  to  46^  in  diameter:  these  are  explained  by  reflection  from 
minute  crystals  of  lee  floating  in  the  atmosphere. 

Ooronatf  encircling  the  moon,  are  formed  ,by  reflection  from  the 
external  surface  of  watery  vapor,  the  light  thus  reflected  interfering 
with  direct  light  f^m  the  same  source.  They  generally  indicate  change 
of  weather. 

JParkelia,  and  bands  of  light  passing  through  the  sun,  are  also  attri- 
buted to  reflection  from  prisms  of  ice. 

Many  of  these  phenomena  require  for  their  explanation  a  refinement  of  inves- 
tigation not  proper  to  be  introduced  in  an  elementary  work. 

538.  Atmospheric  refraction  causes  all  bodies  not  directly  in 
the  zenith  to  appear  more  elevated  than  they 
really  are. 

Let  A  B  C  D,  fig.  418,  represent  the  external  surface 
of  the  atmosphere,  and  the  inner  circles  strata  of  in- 
creasing density  around  the  earth,  E.  Light  from  any 
of  the  heavenly  bodies  situated  at  a  or  c  will  sufier 
refraction  by  every  stratum  of  air  more  dense  than  the 
preceding ;  and  by  a  gradually  increasing  density,  it 
will  be  made  to  travel  in  curved  lines,  until  entering  the  eye  of  the  observer,  the 
bodies  at  a  and  c  will  appear  situated  at  b  and  d.  417 

539.  Itooming  is  a  term  applied  to  the  elevation 
of  objects  at  sea  which  appear  raised  above  their  real 
position  by  atmospheric  refractioD. 

Islands  often  appear  thus   raised  above  the  water,  «nd  an 

inverted  image  is  seen  below  them.     Distant  vessels  sometimes 

appear  above  the  horizon,  when  their  distance  is  so  great  that 

.  they  would  be  far  below  the  horizon  if  they  were  not  elevated  in 

appearance  by  extraordinary  refraction. 

In  peculiar  states  of  the  atmosphere,  ships  have  appeared 
suspended  in  the  clouds,  and  occasionally  an  inverted  image 
hai*  appeared  below,  when  the  real  ship  was  mostly  below  the 
burizon,  as  shown  in  fig.  417. 

540.  The   mirage,   often  seen   in  Egypt,  and   sandy  deeerta^  U 
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caused  by  rays  reflected  from  strata  of  air  heated  by  the  Lmo 
sands.     Distant  objects  are  seen  reflected  by  the  heated  air  ts : 

418 


the  waters  of  a  beautiful  lake,  which  disappears  as  the  thir 
traveler  approaches.  The  phenomena  of  the  mirage  are  shown 
fig.  418. 

III.     POLARIZATION  OF  LIGHT. 

541.  Direction  of  laminoos  vibrations. — The  phenomena 
polarized  light  are  justly  regarded  as  the  most  wonderful  in  thewl 
science  of  optics.  These  phenomena  are  most  readily  explained  i 
understood  by  reference  to  the  undulatory  theory.  It  has  been  sti 
(398)  that  the  vibrations  of  light  move  at  right  angles  with  the  di 
tion  of  the  ravH. 

This  species  of  vibration  may  be  illustrated  by  those  of  a  cord,  made  fat 
one  end,  and  moved  rapidly  upward  and  downward  by  the  hand  shaking 
other  extremity,  as  shown  in  fig.  419.     If  419 

we  suppose   another   cord  vibrating   from        g 

» right  to  left,  and  others   in   every   inter-  L  C         /     \^ 

mediate  direction,  we  may  form  a  tolerably    ^ 
clear  idea  of  the  vibrations  of  a  collection 
of  rays   in  a  beam  of  ordinary  light.     A 

single  luminous  atom  may  be  supposed  to  originate  vibrations  moving  in 
a  single  plane,  but  an  infinite  number  of  independent  Inminons  atoms,  eo 
tuting  a  luminous  body,  will  produce  vibrations  moving  in  every  possible  p 
which  may  be  illustrated  by  revolving  that  plane  around  the  line  represei 
the  direction  of  a  ray  of  common  light. 

542.  Transmission  of  laminoos  vibrations. — Opaque  substa 
allow  no  luminous  vibrations  to  pass  through  them.     Some  bo 


opnos. 
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Inuinnit  oMriy  all  the  imnlnoat  yibrations  which  fall  upon  them ; 
other  bodies  ere  eepeMe  of  transmittiDg  only  those  vibrations  of  light 
contained  in  a  eSagle  plane,  or  that  portion  of  the  yibrating  force  which 
can  be  resolved  into  vibrations  in  that  plane.  Other  bodies,  capable 
of  vibrating  in  two  directions,  reduce  all  the  vibrations  which  they 
transmit  to  vibrations  in  the  two  planes  in  which  these  bodies  them- 
selves are  capable  of  vibrating.  Some  bodies,  by  reason  of  the  position 
in  which  an  ineidrat  beam  of  light  falls  upon  them,  alter  the  direction 
of  the  vibradons  whieh  they  transmit,  and  thus  produce  a  beam  of 
light,  whoee  vibrati<ms  are  all  limited  to  a  single  plane. 

543.  Changa  prodaoed  by  polarisation  of  light. — A  beam  of 
lij^t  is  said  to  be  plane  polarised  when  all  its  vibrations  move  in  a  single 
plane,  or  in  planes  parallel  to  each  other.  This  may  be  illustrated  by 
a  bundle  of  stretched  cords,  all  vibrating  in  one  direction.  If  the  cords 
differ  in  rise  or  tension,  the  lengths  of  their  vibrations  will  differ.  This 
may  illustrate  the  vibrations  of  different  420  421 
eolors,  vrhioh  vary  in  the  lengths  of  their 
^brations  (531).  A  round  rod  may  be 
taken  to  represent  a  small  beam  of  com- ; 
mon  light,  and  the  radii  shown  in  fig. 
420  may  represent  the  transverse  vibra- 
tions by  which  light  is  propagated  in 
ordinary  media.  Fig.  421  will  then  represent  a  transverse  section  of  a 
polarized  beam,  with  vibrations  in  planes  parallel  to  each  other. 

544.  Resolution  of  vibrations. — The  principle  of  resolution  of 
forces  (50)  will  enable  us  to  understand  how  vibrations,  in  an  infinite 
number  of  planes  passing  through  the  general  direction  of  a  beam  of 
light,  may  be  resolved  into  vibrations  in  two  planes,  making  with  each 
other  any  required  angle.  If  0  £,  fig.  422,  represents  the  direction  and 
intensity  of  a  vibration,  it  will  bo  equivalent  422 

to  O  a  and  0  c,  in  axes,  at  right  angles  to 

each  other.     Vibrations  represented  by  0  F, 

O  G,  and  0  H,  may,  in  the  same  manner,  be 

resolved  into  vibrations  in  the  axes  A  B  and 

C  D.     Then  Oa4-Oa^-f06-|-0  6^  will  ^ 

represent  the  intensity  of  the  resulting  vibra- 

tioiM  in  the  axis  A  B,  and  Oc-fOc^  +  Orf 

-f  O  J^  will  represent  the  intensity  of  the 

resulting  vibrations  in  the  axis  C  D.     If  we 

thus  resolve  vibrations  in  an  infinite  number 

of  planes  into  vibrations  in  the  axes  A  B  and  C  D,  the  sum  of  the 

resulting  intensities  in  the  axis  A  B  will  be  exactly  equal  to  the  sum 
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of  the  intensities  in  the  axis  CD.  A  ray  of  common  light mij tko* 
fore  bo  considered  as  consisting  of  vibrations  moving  in  two  plueiil 
right  angles  to  each  other.  Any  medium  that  will,  either  bj  iu  pQ» 
tion  or  internal  constitution,  separate  light  into  two  parts,  vibrating k 
planes  at  right  angles  to  each  other,  will  produce  that  change  deiww* 
nated  polarization  of  light. 

545.  Light  polarised  by  absorption. — Certain  crystals  have  tbe 
remarkable  property  of  polarizing  all  the  light  which  passes  tbroogh 
thorn  in  particular  directions.  They  appear  to  absorb  part  of  the  light, 
and  cause  the  remainder  to  vibrate  in  a  single  direction  only. 

If  a  transparent  tourmaline  is  cut  into  plates  one-thirtieth  of  an  inch  tkid 
and  polished,  the  plane  of  section  being  parallel  to  the  vertical  axis  of  Um 
hexagonal  prism  in  which  this  mineral  crystallizes,  the  light  transmitted  thioaglk 
such  a  plate  will  be  polarized.     If  a  second  plate  is  placed  parallel  to  the  fint. 
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as  shown  in  fig.  42.3,  the  light  transmitted 
through  the  first  plate  will  also  be  trans- 
mitted through  the  second  plate;  but  the 
light  will  bo  entirely  obstructed  if  the  axis 
of  the  second  plate  is  placed  at  right  angles 
with  that  of  the  first,  as  shown  iu  fig.  424. 
A  plate  of  tourmaline  becomes,  therefore,  a 
convenient  means  of  polarizing  light,  and 
also  an  instrument  for  determining  whether 
a  ray  of  light  has  been  polarized  by  other  means.  A  tourmaline  plate  su  a^d  i 
called  an  analyzer.  Crystalline  plates  of  sulphate  of  iodo-quinine  (called  llera 
pathite,  from  the  name  of  their  discoverer,  Mr.  Herapath),  act  in  all  re«pecu 
like  plates  of  tourmaline. 

546.  Polarization  by  reflection. — When  light  falls  upon  a  traij» 
parent  medium,  at  any  angle  of  incidence  whatever,  some  portion  r.f 
the  light  is  reflected.  When  the  incident  light  falls  upon  the  mediuo 
at  a  particular  angle,  which  varies  with  the  nature  of  the  .sul^tancf*.  aI 
tlic  reflected  light  is  polarized. 

Let  0,  G,  fig.  425,  be  a  plate  of  glass  or  any  other  transparent  medium,  ant 
lot  a  ray  of  lights  a  6,  fall  upon  it  at  such  an  angle  that  the  reflected  raj,  he 
shall  make  an  angle  of  90°  with  the  refracted  ray,  425 

b  d,  then  the  reflected  ray  b  c,  which  represents*  but 
a  small  portion  of  tho  incident  light,  will  be  polarized. 
If  the  medium  is  bounded  by  parallel  surfaces,  the 
portion  of  the  light  reflected  from  the  second  surface 
will  also  be  polarized. 

The  angle  of  polarization  by  reflection  may  be  de- 
termined by  the  following  law.  The  tangent  of  the 
angle  of  iucidenee  for  ichich  the  reflected  ratf  i«  polarized,  it  eqnfi-  /o  fjk«  imJt: 
of  refraction  for  the  rejlevtintj  medium.  This  law  supposes  the  reflecting  sab 
stance  mure  dense  than  tho  >urrounding  medium.  If  the  light  ia  refleetMi  froi 
the  second  surface,  tu^  whin  passing  from  glass  or  water  into  air ;  tkt  indt o/ 
refraction  equaU  the  cotangent  of  the  uiujU  *f  polarixatinn.  The  pularilil] 
ingle  for  reflection  from  glass,  is  50^  2^\  reckoned  from  the  p«Tp«ndie«Uf 
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flM  pokurbbig  mi|^  tor  waft«r  U  53^  11'.    Ab  tho  index  of  refVaction  rurief  for 
liifiw— t  eolon,  tbe  folarising  angle  Taries  in  tho  same  manner. 

If  a  polariiad  raj  lUla  mpoB  a  roflocting  rariaee  at  the  angle  of  polarisation, 
sad  tte  refleeliiig  lurfaea  ia  rotatad  aroand  the 
pt^ariMd  raj  at  an  aziiy  when  it  ii  to  plaeed  that 
tba  pluie  of  IneidaiMa  eorrwpondt  wiUi  the  plane 
In  whieh  tha  raj  waa  polariiad,  the  polarised  light 
will  ba  reflaotad  Jnat  aa  If  it  were  not  polarised ; 
bat  when  th^  plana  of  Ineldenoe  makes  an  angle 
of  90O  with  tka  plana  of  polarisation,  the  light  is 
entirely  intercepted,  aa  shown  in  fig.  426.  In  this 
respeet  a  refieeting  snrfjsee,  at  the  proper  angle  of 
ineldenoe,  senres  the  parpose  of  an  analyseri  Jnst 
like  a  plate  of  tonrmalina. 

PoUrisation  by  metellio  reflection. — To  obtain  a  beam  of  plane  ^ 
polarised  light  by  reflection  from  metallic  plates,  the  light  must  be 
reflected  many  times  at  the  angle  most  favorable  to  polarization.  A  ray 
of  light  once  reflected  from  a  metallic  plate  at  the  most  favorable  angle 
appears  to  consist  of  light  vibrating  in  two  planes,  in  one  of  which  the 
pbaie  of  vibration  is  retarded  from  0  to  (  of  a  vibration  behind  the  light 
vibrating  in  the  other  plane.    This  is  called  ellipiiccU  polarizaiimi. 

When  the  two  planes  of  vibration  are  at  right  angles  to  each  other, 
and -the  phases  of  vibration  differ  by  ^  of  a  vibration,  the  light  is  said 
to  be  circularly  polarized. 

The  diamond,  sulphur,  and  all  bodies  possessing  an  adamantine 
lustre,  produce  elliptical  polarization,  and  if  employed  as  analyzing 
reflectors,  they  change  plane  polarized  to  elliptically  polarized  light. 
The  investigation  of  these  varieties  of  polarized  light  would  exceed  the 
limits  of  an  elementary  work. 

547.  Folariaatioii  by  refraction. — When  light  is  polarized  by 
reflection  from  either  the  first  or  the  second  surface  of  a  transparent 
medium,  a  portion  of  the  transmitted  light  is  polarized  by  refraction. 
The  amount  of  light  polarized  by  refraction  is  just  equal  427 

to  the  amount  polarized  by  reflection,  but  as  the  amount 
of  light  transmitted  by  transparent  substances  very 
much  exceeds  the  amount  reflected  from  their  surfaces, 
only  a  small  portion  of  the  transmitted  rays  are  polar- 
ized, or,  more  properly,  the  light  transmitted  through  a 
single  plate  is  but  partially  polarized, 

548.  Polarisation  by  saooessive  refractions. — 
If  a  ray  of  light,  R  R'^,  is  transmitted  obliquely  through 
a  number  of  parallel  transparent  plates,  as  shown  in  fig. 
427,  a  portion  of  the  liglit  ih  polarized  at  every  refrac- 
tion, and  after  a  sufficient  number  of  refractions  the  whole  of  the  trans- 
mitted light  is  polarized. 
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Light  polarized  by  refra«.'tion,  is  polarited  in  a  plui«  at  right  aa^M  wiAte 


Light  polarised  by  reflaot&oB  vibnla  ■ 
438 


plane  of  polarization  by  reflection 
right    angles   with    its   piano  of 
polarization,  or  itx  plane  of  reflec- 
tion, an  shown  at  B,  fig.  428. 

Light  polarized  by  refraction, 
ribrates  also  at  right  angles  with 
its  plane  uf  polarization,  bnt  pa- 
rallel to  its  plane  of  refraction,  as 
shown  at  C.  Hfi.  428.  Light  not 
polarized,  though  vibrating  in  an 
infinite  number  of  planes,  is  equiva- 
lent to  a  system  of  vibrations  in 
rwo  planes  at  ri);;ht  anglc<<  to  oaoh, 
as  shown  at  A,  fip;.  •12S. 

549.  Partial  polarization. — Light  reflected  or  refracted  at  idj 
oblique  angle  is,  in  general,  partially  polarizcil,  nnd  by  repeated  reflM* 
tions  or  refractions  the  degree  of  polarization  is  increancd,  until,  tf^n 
a  sufllcient  number  <»f  reflections  or  refractions,  it  is  apparently  ecn- 
pletely  polarized. 

Lot  M  N,  fig.  420.  reproAuut  the  plane  of  refraction,  and  A  B,  C  D,  the  axiiflC 
vibration  for  common  light,  then  by  repeated  re-  429 

fractious  these  axes  will  be  gruduuliy  made  to 
approach  en<*!i  other,  until  they  .» 
as  shown  in  the  ll^^uro,  when  1 
be  completely  polarized.  The  portion  of  light 
reflected,  undergoes  a  similar  series  of  changes,  until  the  axes  of  Tihntiti 
sensibly  coincide,  in  a  plane  at  right  angles  to  their  position  in  light  polarini 
by  refraction. 

550.  Doable  refraction  is  a  property  in  certain  crystals  that  ctasei 
the  light  passing  through  them  in  particular  directions  to  be  separated 
into  two  portions,  which  pursue  different  paths,  and  which  caoM 
objects  seen  through  tiie  crystals  to  appear  double. 

The  most  remarkable  substance  of  this  kind  with  which  we  are  I 
Iceland  spar,  or  (carbonate  of  lime,  which  crystallizes 
in  the  rhombic  syftem.  as  shown  in  fig.  430.  The 
line  a  6,  about  which  all  its  faces  are  symmetrically 
arranged,  is  called  the  major  axis  of  the  crystal,  and 
the  plane  n  cb  d,  passing  through  the  axis,  and 
through  the  obtuse  lateral  edges,  is  called  the  plane 
o/ principal  teetiou.  430 

If  a  crystal  of  Iceland  spar,  from 
half  an  inch,  upwardv«,  in  thickuo.'S,  i- 
laid  upon  a  sheet  of  paper,  on  wliioli 
are  drawn  various  lines,  they  will 
appear  double,  as  shown  in  fi;;.  431. 

A  B,  C  D,  £  F,  G  H,  are  the  real  lines,  seen  in  their  true  positions.    Tha  dotiaA 
iinof  show  the  position  of  the  additional  linos,  caused  by  extraordinary  i 


)e  gradually  made  to       ^  ^__^        .   -        im 

hev  .sensibly  coincide,  "^^S^  lV\  ly[\  Ml 

n  the  light *is  said  to  l^^j^  ^  A.^  \KJ  \\J 

The  portion  of  light       t  '^^  *^  * 
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Vm.    Tke  Hue  A  B,  in  the  plane  of  principal  section,  is  not  doubled.     Any  line 

ptnUtl  to  A  B,  will  also  appear  single. 
The  iadei  of  refraction  for  the  ordinary  ray  remains  constant,  in  whatever 

Irwtion  light  panes  throngh  the  crystal.  The  index  of  refraction  for  the 
ttlnordiaary  ray,  when  parallel  to  the  axis,  is  the  same  as  that  of  the  ordinary 
njf  ud  differs  moit  from  the  ordinary  ray  when  it  passes  through  the  crystal 
<t  ijfht  aaglea  with  the  axis. 

Tbe  index  of  refraction  for  the  ordinary  ray  in  Iceland  spar  is  con- 
stantly 1.6543  =s  m.  The  index  of  refraction  for  the  extraordinary  ray, 
*lieo  it  makes  an  angle  of  90**  with  the  major  axis,  is  1.4833  =  n.  Let 
'«=the  angle  which  the  extraordinary  ray  makes  with  the  major  axis 
ID  any  other  poaiUos,  and  let  N=  the  corresponding  index  of  refraction 
for  the  extraordinary  ray,  its  value  may  be  determined  by  the  following 
^'Minula : — 

N  =  i/m»~H-(H»  — m«)»in»a;  =  i/2.7367 —  0.5365  sin' a;. 

551.  Poaltive  and  negative  crystals. — Positive  crystals  are  those 

la  which  the  index  of  refraction  for  the  extraordinary  ray  is  greater 

Uian  for  the  ordinary  ray,  and  the  extraordinary  ray  is  refracted  nearer 

(o  the  axis  than  the  ordinary  ray.    Quartz  and  ice  are  examples  of  this 


Negative  erystaU  are  such  as  have  the  index  of  refraction  for  the 
•ztraordinary  ray  less  than  for  the  ordinary  ray,  the  extraordinary  ray 
being  refracted  farther  from  the  axis  than  the  ordinary  ray.  Iceland 
epar,  tourmaline*  corundum,  sapphire,  and  mica,  are  examples  of  nega- 
tiTC  crystals. 

Some  crystals  have  two  axes  of  double  refraction,  as  nitrate  of  potash, 
sulphate  of  barytes,  and  some  varieties  of  mica. 

552.  Polarization  by  double  refraction.— When  the  light  trans- 
mitted through  a  doubly  refracting  substance  is  examined  with  an 
analyzer,  it  is  found  that  both  the  ordinary  and  extraordinary  rays  are 
completely  polarized,  whatever  be  the  color  of  the  light  employed.  The 
tourmaline  plate,  or  other  analyzer,  will,  in  one  position,  transmit  the 
ordinary  image  and  wholly  intercept  the  other,  but  when  432 
the  tourmaline  has  been  rotated  90°,  the  ordinary  ray  is 
intercepted,  and  the  extraordinary  ray  is  transmitted. 

j^3.  Nicol's  single  image  prism  is  an  instrument 
fimned  ''f  Iceland  spar,  by  which  the  ordinary  image,  pro- 
iuced  by  double  refraction,  is  thrown  out  of  the  field,  and 
only  a  single  image  (the  extraordinary)  is  transmitted. 

An  elongated  prism  of  Iceland  spar  is  cut  through  by  a  plane, 
I F,  at  right  angles  with  the  principal  section,  from  the  obtase 
■olid  angle  E,  fig.  432,  making  an  angle  of  22°  with  the  obtuse 
lateral  edge  K.    The  terminal  face,  P,  is  ground  away,  so  as  to  make  an  angle 
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of  68°  with  the  obtuso  lateral  edge»  K,  mad  Um  )ppofltt  flMi^  P',  is  gwd  li 
the  same  manner.  All  the  new  faces  ftra  careftiLj  poUshsd,  Hid  tke  two  psrti 
are  cemented  to^^ethcr  again  with  Canada  halsaoi,  in  tbs  saaw  positioa  tlisj 
previously  occupied.  The  lateral  faces  of  this  componnd  prisM  ara  all  patelsd 
black,  leaving  only  the  terminal  fhces  for  the  tnnswksion  «f  igg 
light. 

When  a  ray  of  light,  a  b,  flg.  433,  &Us  upon  this  prisa^  It  is  re- 
fracted in  to  the  ordinary  ray  b  c,  and  the  eztraordinaiy  ray  h  d.  The 
index  of  refraction  of  Iceland  spar,  for  the  ordinary  ray,  being  LftM, 
and  that  of  balsam  only  1.536,  the  ordinary  raj  cannot  pass  Ihrongh 
the  balsam,  unless  the  incident  ray  direrges  widely  from  the  axis 
vf  the  prism,  but  it  suffers  total  reflection,  and  is  absorbed  by  the 
blackened  side  of  the  prism.  The  extraordinary  raj  has  a  refrac- 
tive index  in  the  Iceland  spar  generally  less  than  in  the  balsam, 
varying,  for  Nicol's  prism,  between  1.6  and  1.66;  tbanfbiaifti 
tbr(»ii;;h  the  balsam  into  the  lower  part  of  the  prism,  and  i 
in  the  direction  tj  h,  parallel  to  the  incident  ray. 

These  prisms  are  capable  of  transmitting  a  eoloilesi  paaeil  of 
light,  i^erfectly  polarized,  firom  20^  to  27^  in  breadth. 

554.  Polarising  InstminentB  mre  made  in  a  variety  of  fimns,  tt 
suit  particular  purposes.  A  simple  inslmment,  and  jet  one  of  tbt 
must  convenieut  in  use  for  exhibiting  the  phenomena  of  polariied  lights 

is  Hhown  in  fi;'.  434. 
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If  the  ilai  b  rotated,  white  tbt  polaiiier  and  analyier  remain  fixed,  the  color 
will  appeu*  M  orety  qaadrant  of  reTolution,  and  disappear  in  intermediate 
petitions.  If  the  film  and  the  polariser  remain  fixed,  and  the  analyser  is  rotated, 
the  eolor  will  change  te  the  complementary  at  every  quadrant  of  revolation ; 
that  is,  the  same  eolor  will  be  seen  in  positions  of  the  analyser  diflering  180^, 
and  the  complementary  color  will  be  seen  at  90^  and  270®,  fh>m  the  first  position. 

Films  of  selraile,  raiying  between  0-00124  and  0*01818  of  an  inch  in  thickness, 
will  give  all  the  colors  between  the  white  of  Newton's  first  order,  and  white 
resulting  (Vom  the  mixture  of  all  the  colors.  If  two  films  of  selenite  are  placed 
over  each  other,  with  their  axes  parallel,  the  color  prodnced  will  be  that  which 
belongs  to  the  sum  of  their  thicknesses.  But  when  the  two  films  are  placed  with 
their  axes  at  right  angles,  the  resulting  tint  is  that  which  belongs  to  the  differ- 
ence of  their  thicknesses. 

556.  Rotaxy  polarimatiOD  is  a  property  which  some  substances 
possess  of  changing  the  plane  of  Tibration  in  a  ray  of  polarised  light, 
eren  when  it  falls  perpendicularly  upon  it.  The  entire  amount  of 
rotation  depends  upon  the  thickness  of  the  medium.  Quaru,  cut 
transversely  to  ite  major  axis,  solution  of  sugar,  camphor  in  the  solid 
state,  and  most  of  the  essential  oils,  possess  the  power  of  rotating  the 
plane  of  polarisation  of  a  ray  passing  through  them. 

Difierent  Bubstences,  and  sometimes  difl'erent  epecimens  of  the  same  Bobstence^ 
rotate  the  plane  of  polarisation  in  contrary  directions.  When  the  rotetion  takes 
place  in  the  direction  of  the  motion  of  the  hands  of  a  watch,  the  medium  is 
said  to  have  right-handed  polarisation.  Thus  we  have  right-handed  quarts,  and 
left-handed  quarte. 

In  a  beam  of  white  light,  the  vibrations  which  produce  red  have  their  plane 
of  polarisation  rotated  much  more  than  the  colors  of  greater  rofrangibility. 
This  property  varies  inversely  as  the  squares  of  the  lengths  of  the  luminous 
waves  which  produce  the  several  colors.  The  power  of  rotating  the  plane  of 
polarization  becomes  a  valuable  test  for  speedily  detcrmiuing  the  nature  of 
various  chemical  substances,  or  the  strength  of  a  solution  of  any  substance 
having  this  power.  Soliel's  saccharimetor,  for  measuring  the  relative  amount 
of  caue  and  grape  sugar  in  solutions  or  syrups,  is  constructed  on  this  principle. 
Such  an  instrument  afibrds  also  a  ready  method  of  detecting  the  presence  of 
sugar  in  diabetic  urine. 

557.  Arago's  chromatic  polartaoope  is  a  very  simple  instrument 
for  testing  polarized  light,  and  for  determining  its  plane  of  polarization. 
In  one  end  of  a  brass  tube  is  inserted  a  prism  of  Iceland  spnr ;  in  the 
other  end  of  the  tube  a  circular  opening  is  covered  by  two  plates  of 
quartz  cut  parallel  to  the  axis  and  united  by  their  edges,  one  of  these 
plates  having  right-handed,  and  the  other  left-handed,  rotary  polari- 
sation. 

When  polarized  light  is  viewed  through  this  instrument  (the  Iceland 
spar  being  turned  towards  the  eye),  the  circular  opening  appears 
double,  and  in  each  image  is  seen  the  line  dividing  the  two  plates  of 
rotary  quartz,  with  complementary  colors  on  opposite  sides  of  the  line. 
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If  the  instrument  is  now  rotated,  two  positions  will  be  foond  at  Hght 
angles  to  each  other  where  both  parts  of  the  opening  in  the  same  iinagi 
appear  of  a  uniform  tint,  though  the  two  images  still  have  comply 
mentary  colors. 

When  both  segments  of  the  extraordinary  image  have  a  uniform  red 
tint,  the  principal  section  of  the  prism  is  parallel  to  the  plane  in  whieh 
the  light  has  been  polarized,  and  when  both  segments  of  the  extn- 
ordinary  image  are  uniformly  green,  the  plane  of  polarisation  ii 
perpendicular  to  the  principal  section  of  the  prism. 

A  plato  of  selenite  or  mica,  or  a  single  plate  of  qnartx,  may  be  siibititated  fei 
the  two  segmonts  of  right  and  left-handed  qnarts,  and  two  imagei  with  eon- 
plomentary  colors  will  be  seen  as  before.  All  the  phenomena  of  atmo8pIttfi( 
polarization  may  be  demonstrated  with  this  form  of  the  inatrnment,  and  th( 
plane  of  polarization  may  be  determined,  but  with  less  accuracy  than  in  tiM 
first  form  of  the  instrument.  As  before,  when  the  extraordinary  image  is  nd 
the  plane  of  polarization  is  parallel  to  the  principal  section  of  the  prism.  WImi 
the  extraordinary  image  is  green,  the  plane  of  polarization  is  perpendicular  ti 
the  principal  section  of  the  prism. 

558.  Colored  rings  in  crystala. — Colored  rings  of  great  beaotj 
with  a  black  cross,  are  seen  in  thin  plates  of  doubly  refracting  crystals 
when  viewed  in  certain  directions,  with  polarized  light. 

Figs.  435  and  436,  show  the  appearance  of  the  rings  and  cross  in  thick  piste 
of  quartz,  in  positions  at  90°  from  each  other.     Other  uniaxial  crystals  show 
similar  system  of  rings  beautifully  colored.     Figs.  437  and  438  show  the  fon 
435  436  437  43S 


of  the  colored  rings  in  biaxial  crystals ;  e.  g.  some  micas.  Every  donl 
refracting  crystal  presents  some  peculiarity  in  the  form  and  arrangement  of  t 
colored  rings  seen  in  its  thin  sections.  This  subject  is  of  great  interest  to  t 
mineralogist 

559.  Polarization  by  heat,  and  by  compression. — Glass  irreg 
larly  heated,  or  heated  and  irregularly  cooled,  possesses  the  power 
double  refraction,  and  when  viewed  by  polarized  light,  it  exhibits  da 
crosses,  bands,  or  rings,  varying  with  the  form  of  the  glass,  and  diff 
ence  of  density  in  different  parts.  Similar  phenomena  may  be  prodoc 
br  compression,  or  by  bending  rods  or  plates  of  glass. 
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560.  MigiMtio  rotaiy  pohuisation.— If  a  thick  plate  of  glass  is 
applied  to  the  polae  of  a  powerfal  eleotro-magnet,  the  glass  is  neither 
attracted  nor  repelled;  bat  if  a  ray  of  polarised  light  is  transmitted 
throagh  the  plate  m  a  certain  direction,  the  plane  of  polarization  is 
rotated  as  bj  a  plate  of  qaarti,  or  other  rotary  polarizer,  showing 
thai  light  and  magnetism  have  some  intimate  relation  to  each  other. 

This  rotary  eflaet  may  depend  upon  change  in  the  tension  of  the  moleculoa 
of  the  gUsi  by  the  xnagnetie  force,  and  not  npon  any  direct  relation  between 
light  and  magnetiim. 

561.  Atmoapheilo  polarlsatioii  of  light.— The  light  of  the  sun 
reflected  by  the  atmosphere  is  more  or  less  polarized,  depending  upon 
the  aogular  distance  from  the  sun. 

If  the  earth  had  no  atmosphere,  the  sky  wonld  everywhere  appear  perfectly 
blaek.  The  eolor  of  the  sky  is  prodaoed  by  light  reflected  by  the  atmosphere. 
If  we  look  at  the  iky  throagh  a  Niool's  prism,  we  shall  find,  on  rotating  the 
prism,  that  light^from  some  parts  of  the  sky  is  polarised  to  a  Tory  appreciable 
extent.  There  are  sereral  points  in  the  sky  where  no  polarisation  is  perceptible. 
The  point  in  the  hearens  directly  opposite  to  the  sun  is  called  the  anti-tolar 
poiHt,  At  a  distance  abore  the  anti-solar  point,  rarying  from  11®  to  18®,  there 
is  a  point  of  no  polarisation,  and  another  neutral  point  at  an  equal  distance  below 
the  anti-solar  point.  Another  neutral  point,  or  point  of  no  polarization,  is 
found  from  12®  to  18®  abore  the  sun,  and  a  similar  one  below  it;  but  the  latter 
is  observed  with  great  difficulty.  When  the  sun  is  in  the  senitb,  these  two  points 
coincide  in  the  sun.  At  all  other  points  in  the  sky,  the  light  is  more  or  less 
polarized,  the  degree  of  polarization  amounting  cometimes  to  more  than  one- 
half  as  much  as  by  reflection  from  glass  at  the  r.ngle  of  complete  polarization. 

562.  The  eye  a  polariacope. — The  structure  of  the  crystalline  lens 
is  such,  that  the  unaided  eye  is  capable  of  analyzing  a  beam  of  light 
polarized  by  reflection  or  by  double  refraction.  A  person  accustomed 
to  use  his  eyes  in  viewing  the  phenomena  of  polarization,  can  thus 
detect  with  ease  facts  of  this  nature,  which  are  wholly  inscrutable  to 
one  not  familiar  with  such  obserrations ;  another  of  the  numerous 
proofs  we  have  that  the  eye  is  capable  of  very  exact  training ;  but 
nevertheless  it  is  a  proof  also  of  an  imperfection  in  the  eye  itself. 

M.  Haidinger  has  observed  a  remarkable  phenomenon  of  polarized  light,  by 
which  it  may  bo  recognised  by  the  naked  eye,  and  its  plane  of  polarization 
ascertained.  This  phenomenon  consists  in  the  appearance  of  two  brushes  of  a 
very  pale  yellow  color,  the  axis  of  which  coincides  always  with  the  trace  of 
the  plane  of  polarisation ;  these  arc  accompanied,  on  either  side,  by  two  patches 
of  light  of  a  complementary  or  violet  tint.  In  order  to  see  thorn,  the  plane  of 
the  polarisation  of  the  light  must  be  turned  quickly  flrom  one  position  to  another ; 
this  may  be  done  by  revolving  before  the  eye  a  Nicol's  prism  directed  towards 
a  white  cloud. 

The  most  probable  explanation  is  that  given  by  M.  Jamin,  in  which  the  pro- 
duction of  the  phenomenon  is  ascribed  to  the  reft«cting  coats  of  the  eye,  they 
being  compared  to  a  pile  of  parallel  plates  of  glass. 
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563.  The  practical  applications  of  polarised  light  4n  nuM' 
rous.  The  water  telescope  consists  of  an  ordinary  marine  telescope, 
with  a  Nicors  prism  inserted  in  the  eye-piece. 

The  li^ht  reflected  from  the  surface  of  the  water  is  the  principal  obitnctiw 
to  viewiDj;  objocu  beneath  its  surface.  Nieol's  prism,  in  a  oertsin  poritte, 
entirely  cuts  off  the  polarized  portion  of  the  reflected  light,  and  allows  ol^Mta 
far  below  the  surface  to  be  seen  in  the  telescope.  A  Nicol's  prism,  in  the  mm 
manner,  will  enable  the  fisherman  to  direct  his  spear  with  greater  certaintj. 

Amateurs,  in  visiting  galleries  of  paintings,  find  Nicol's  priiaf 
mounted  as  spectacles  of  great  service.  Let  the  observer  place  hin- 
self  in  an  oblique  position,  and  look  at  an  oil  painting ;  when  the  shea 
of  reflected  li;j;ht  renders  the  objects  in  the  painting  invisible,  hehai 
but  to  look  through  a  Nicol's  prism,  set  in  a  proper  position,  and  tb 
entire  details  of  the  painting  at  once  become  visible  in  all  their  props 
oolors.  An  opera-glass,  provided  with  Nicol's  prisms,  would  bs  i 
valuable  instrument  in  examining  a  picture  gallery.  Polarixed  lig^ 
is  also  of  great  value  in  microscopic  investigations. 

Fig.  439  shows  the  appearance  of  a  grain  439  440 

of  starch,  brilliantly  illuminated  on  a  dark  i 
ground,  when  seen  in  the  microscope  with 
polarized  light     By  rotating  the  analyser, 
the  field  becomes  light,  and  the  dark  cross  | 
changes  its  position,  as  shown  in  fig.  440. 
The  appearance  of  the  starch  distinguishes  \ 
it  from   every    other   substance.     Different 
kinds  of  starch  are  also  thus  readily  dis- 
tinguished from  each  other. 

By  means  of  polarized  light,  the  chemist  can  detect  one  thirteet 
millionth  of  a  gramme  of  soda,  and  distinguish  it  from  potassa  or  so 
other  alkali.  In  physiological  chemistry,  especially  in  the  examinatic 
of  crystals  found  in  various  cavities  and  fluids  of  both  animals  u 
plants,  the  use  of  polarized  light  is  especially  important.. 

Instead  of  a  few  isolated  facts,  of  interest  only  to  the  curious  inqnirt 
the  polarization  of  light  presents  itself  as  a  great  fact  in  nature,  mae 
ing  us  with  wonderful  revelations  in  almost  every  department  of  nttor 
science.  By  this  marvelous  property  of  lights  the  astronomer  determb 
that  the  planets  shine  by  reflected  light,  and  that  the  stars  are  «e 
luminous  bodies. 


Problems  in  Optics. 
Velocity  and  Intensity  of  Light. 

177.  What  time  is  required  for  Mght  to  oome  to  the  earth  firom  the  itttt 
distance  being  95,000,000  m\\etT 
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178.  How  long  doei  it  take  the  light  of  the  north  star  to  reach  the  earth,  the 
distance  being  estimated  2,961,000  times  greater  than  the  distance  of  the  earth 
firom  the  san  ? 

179.  Two  lights  give  equal  illumination  upon  Bunscn's  photometer,  when  it 
IS  placed  between  them  at  a  distance  of  3  feet  from  one  light,  and  4  feet  7 
inches  from  the  other;  what  is  their  relative  illuminating  power? 

180.  A  screen  is  equally  illuminated  by  two  flames,  when  one  of  them  is  40  inches 
from  it,  but  when  a  plate  of  glass  is  interposed,  the  same  light  is  required  to  be 
broaghl  to  a  distance  of  38  inches  that  the  illumination  may  be  again  equal ; 
what  proportion  of  the  light  is  transmitted  by  the  glass  ? 

181.  At  one  extremity  of  a  bar,  100  inches  long,  is  placed  a  standard  candle 
mming  120  grains  per  hour  (the  usual  standard  in  photometric  measurements 
of  gas),  at  the  other  end  is  a  gas  burner  consuming  6  cubic  feet  per  hour.  A 
Banten's  screen,  moving  on  this  bar,  is  distant  IZ^'j  inches  from  the  candle, 
when  both  sides  are  equally  illuminated ;  what  is  the  illuminating  power  of  the 
gat  in  terms  of  the  candle  as  a  unit? 

182.  By  a  similar  trial,  the  photometer  is  19^^  inches  distant  from  the 
standard  candle  when  the  disc  is  equally  illuminated,  but  it  is  found  that  the 
eandle  is  burning  129  grains  per  hour,  while  the  gas  burner  consumes  only  4| 
eubie  feet  of  gas  per  honr;  what  is  the  illuminating  power  of  5  cubic  feet  of 
this  sample  of  gas  in  terms  of  the  standard  candle  at  120  grains  as  a  unit  ? 

Reflection  of  Light. 

183.  At  what  angle  must  two  mirrors  be  inclined,  so  that  a  ray  of  light  inci- 
dent parallel  to  one  mirror  may,  after  reflection  at  each  mirror,  be  parallel  to 
the  other  ? 

184.  How  many  images  will  be  seen  in  a  kaleidoscope  when  the  two  mirrors 
of  which  it  is  composed  are  placed  at  an  angle  of  20°  ? 

185.  A  concave  mirror  colleots  solar  light  to  a  focus  6  inches  from  its  surface ; 
where  will  it  form  an  image  of  an  object  placed  12  feet  in  front  of  it? 

186.  A  luminous  p^nt  is  placed  at  a  distance  of  3  feet  in  front  of  a  concave 
mirror  of  1  foot  radius ;  find  the  distance  of  the  focus  of  reflected  rays. 

187.  What  must  be  the  position  of  a  luminous  point  before  a  concave  mirror, 
that  the  distance  between  the  foci  of  incident  and  reflected  rays  may  be  equal  to 
the  radius  of  the  mirror  ? 

Refraction  of  Light. 

188.  Find  the  thickness  of  a  plane  glass  mirror  silvered  at  the  back,  so  that 
»n  object  one  foot  in  front  of  its  first  surface  may  have  the  image  formed  by 
reflection  at  the  second  surface  twice  as  distant  from  the  object  as  if  the  reflec- 
tion took  place  from  the  first  surface;  the  index  of  refraction  being  »i  =  Ij. 

189.  A  fish  is  seen  in  a  position  known  to  be  4  feet  below  the  surface  of  the 
water,  and  the  direction  in  which  it  is  seen  makes  an  angle  of  45°  with  the 
perpendicular ;  at  what  angle  must  a  lance  be  thrown  to  strike  the  fish  ? 

190.  If  a  pool  of  water  appears  to  be  5  feet  deep,  what  should  wo  consider  its 
real  depth  ? 

191.  A  small  pencil  of  solar  rays,  incident  upon  the  surface  of  a  refracting 
sphere,  is  brought  to  a  focus  upon  the  opposite  surface ;  what  is  the  refractive 
index  of  the  material  of  which  the  sphere  is  made  ? 

192.  A  small  pencil  of  light  falls  upon  a  concave  spherical  surface  of  glass 
(n  =  1|),  the  radius  of  which  is  2  feet.  Supposing  the  radiant  point  distant  3  feet 
from  the  ref«>acting  surface,  where  will  the  focus  of  the  refracted  rays  be  found  / 
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193.  When  divergent  rays  are  incident  from  a  certain  point  open  a  i 
inrfaoe  of  glass,  the  reflraoted  rays  Kfi  fonnd  to  oonTerge  to  a  focus  at  i 
the  same  distance  on  the  opposite  side  of  the  sorface ;  is  the  s ar&ce  eoorti  • 
concave  ?  and  if  the  position  of  the  point  of  incidence  be  8  leet  from  the  nftirtp 
ing  surface,  and  n  =s  1*5,  what  is  the  radins  of  the  refracting  surface? 

194.  A  double  convex  lens  of  glass  (a  =  1*534),  whose  radii  are  fespeetii4r 
2  inches  and  4^  inches,  is  placed  15  inches  before  a  laminoos  point;  wbatiithi 
position  of  the  focus  of  refiraoted  rays  ? 

195.  What  is  the  form  of  a  double  convex  lens,  having  the  least  sphsrieil 
aberration,  when  the  glass  of  which  it  if  made  haa  an  index  of  refnetiw 
m  =  1-635? 

196.  What  is  the  distance  of  the  principal  focas  from  a  lens  of  flint  (Imi 
(n  =  1*635)  whose  radii  are,  r  =  2  J,  and  •  =»  —  5  ? 

197.  What  single  lens  is  equivalent  to  a  combination  of  a  doable  convex  Im 
of  focal  length  2  inches  with  a  double  concave  lens  of  focal  length  4  inehsif 

198.  Dot«rmino  the  form  of  two  lenses  of  flint  and  crown  glass,  thatnsyte 
cemented  together  so  as  to  constitute  a  plano-convex  achromatic  combiutiie 
of  7  inches  focal  length,  using  flint-glass  in  which  m  =  1*635,  and  the  diifa- 
sive  power  p  =  1000,  and  crown-glass  n  ^  1*534,  and  j/  ^  626. 

199.  Two  convex  lenses,  whose  focal  lengths  are  3/'and/,  are  separated  by  si 
interval  of  2/;  how  must  a  pencil  of  rays  be  incident  upon  the  flitt  ltBS,i»ii 
to  emerge  parallel  after  refraction  through  the  second  lens  ? 

Optical  InstmmenU. 

200.  Considering  the  distance  of  distinct  vision  8  inches,  what  wUl  bi  tte 
magnifying  power  of  a  lens  whose  solar  focus  is  3  inches,  when  it  is  placed  it  i 
distance  of  5  inches  from  the  eye  ? 

201.  Calculate  the  radii  of  the  two  surfaces  of  a  meniscns  of  crown-g^ 
(n  =  1*5)  to  be  used  as  the  field-lens  of  Prof.  Airy's  eye-piece  (500),  whes  tks 
eye-lens  has  a  solar  focus  of  half  an  inch,  and  the  field-lens  is  2  feet  froai  tks 
object-glass. 

202.  Calculate  the  illuminating  power  of  Herschel's  great  telescope,  alloviig 
^j  of  the  incident  light  to  be  reflected  by  the  speculum. 

203.  On  the  same  conditions  calculate  the  illuminating  and  penetrating  powMi 
of  Lord  Rosse's  great  telescope  (503). 

204.  Estimate  the  illuminating  and  penetrating  powers  of  the  Camlnidgs 
refracting  telescope  (506).     A  =  lb  inches,  a  =  0*1  inch,  x  =  0*9,  a  =  1 

205.  Compare  the  illuminating  and  penetrating  powers  of  two  achroastii 
objectives  fur  the  microscope,  one  of  which  has  an  angular  apertara  of  IM*, 
and  the  other  150°,  calling  n  =  6  in  both  cases,  and  x  =i  0*8. 

Polarization  of  Light. 

206.  Calculate  the  angles  of  most  perfect  polarization  by  rellectioB  froa  iht 
three  kinds  of  glass  whose  index  of  refraction  is  given  in  |  407. 

207.  What  proportion  of  the  incident  light  is  reflected  in  each  of  the  turn 
considered  in  the  last  problem,  supposing  the  increase  of  reflection 
between  any  two  angles  whose   amount  of  reflection   is   given   in  th 
page  299  ? 

208.  What  is  the  index  of  refraction  for  the  extraordinary  ray  in  '. 
spai,  when  it  makes  an  angle  of  54°  with  the  principal  axis  of  the  prism? 
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CHAPTER  II. 

HBAT. 

1 1.  Nature  of  Heat. 

564.  Heat. — Its  nature. — The  sensations,  which  we  call  heat 
or  cold,  are  prodaoed  by  an  agent  or  cause  whose  real  nature  is 
unknown.  Whatever  this  agent  may  be,  it  inflaences  matter  of  all 
kinds  without  changing  its  nature.  Scientific  opinion  is  divided, 
chiefly,  between  two  tIcws  of  the  nature  of  heat.  These  are,  the 
corpuscular  theory,  or  theoty  of  emission,  and  the  undulatory  theory. 

According  to  the  eorptucular  theory,  heat  is  attributed  to  a  peculiar  imponder- 
able fluid,  existing  in  all  bodies  in  combination  with  their  atoms.  The  parti- 
cles of  this  supposed  fluid  are  self-repellent,  and  thus  the  atoms  of  bodies  are 
prevented  from  coming  into  absolute  contact  with  each  other.  This  fluid  is  thrown 
off*  from  all  hot  bodies  with  inconceivable  velocity,  and  upon  its  absorption  by 
other  bodies  the  efiects  of  heat  are  manifested.  Thus  hot  bodies  lose  whaf 
colder  bodies  gain. 

Bj  the  undulatory  theory,  heat  is  attributed  to  the  vibratory  movements  of 
the  molecules  of  a  hot  body,  communicated  to  those  of  other  bodies,  by  means 
of  a  highly  elastic  fluid  called  ether.  This  ether  pervades  all  space,  and  in  it 
the  undulations  of  heat  are  propagated  with  inconceivable  rapidity,  in  a  manner 
analogous  to  the  slower  progress  of  sonorous  waves  in  air,  as  already  explained. 
This  same  medium,  by  another  kind  of  motion,  is  supposed  to  produce  light 
and  electricity. 

565.  Temperature. — Heat  and  cold. — All  bodies  receive  or  part 
with  heat,  as  their  conditions  change  from  time  to  time ;  the  relations 
which  they  sustain  to  heat  al  a  given  moment  are  distinguished  by  the 
word  temperature,  which  term  implies  nothing  as  to  the  quantity  of  heat 
present  in  a  body,  but  only  its  relation  at  a  specific  time  to  an  arbitrary 
standard. 

Heat  and  cold  are  relative  terms ;  cold  implying  not  a  quality  antago- 
nistic to  heat,  but  merely  the  absence  of  heat  in  a  greater  or  less  degree. 
There  are  no  bodies  so  cold  that  they  will  not  be  warm  to  bodies  colder 
than  themselves.  Our  sensations  give  us  but  little  evidence  respecting 
actual  changes  of  temperature. 

If  we  place  one  hand  in  hot  and  the  other  in  cold  water,  and  then  suddenly 
transfer  both  to  water  having  ac  intermediate  temperature,  oar  sensations  are 
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at  onoe  rerersed ;  one  hand  will  feel  cold,  and  the  other  warai.  tUhoi^  M 
are  exposed  to  the  same  temperature. 

566.  AotioD  of  heat  on  matter. — Assuming  that  eoh«uoii  ud 
heat  arc  counteracting  forces,  it  follows  that  the  three  states  of  msttv 
are  effects  of  the  relative  intensities  of  these  two  agencies ;  and  bal 
heing  a  repellent  force,  its  increase  must  be  accompanied  with  u 
enlargement  of  volume  in  either  of  the  three  states  of  matter,  white  t 
loss»of  volume  must  accompany  an  increase  of  molecular  force,  or  t 
loss  of  heat. 

Many  familiar  facts  of  daily  experience  confirm  this  statement  All 
bodies  (with  few  exceptions)  expand  with  an  increase,  and  eoatnet 
with  a  loss  of  heat.  The  expansion  may  be  measured  by  an  incxeiM 
of  length ;  in  which  case  it  is  called  Uriear  expansion^  or  by  an  incresie 
of  volume,  and  then  it  is  called  cubic  expansion.  The  first  measare  n 
commonly  used  for  solids,  the  second  for  liquids  and  gases,  but  the  fint 
is  easily  converted  into  the  second  by  cubing.  Substances  vary  tnj 
much  in  their  degree  of  expansion  for  the  same  increase  of  temperatan: 
solids  expand  less  than  fluids,  and  liquids  less  than  gases. 

But  the  laws  of  expansion  will  be  better  studied  after  some  asqoaint* 
ance  is  obtained  with  the  means  of  measuring  differences  of  temperatan. 

i  2.  Measorement  of  Temperature. 

I.    THERMOMETERS. 

567.  Thermometers. — The  measurement  of  temperature  is  accom- 
plished by  observing  the  amount  of  expansion  or  contraction  in  any 
substance  arbitrarily  assumed  as  a  standard  for  the  purpose.  Such  an 
instrument,  whether  the  substance  selected  is  a  solid,  a  liquid,  or  a 
gas,  is  called  a  thermomeitr,  or  measure  of  temperature.  For  special 
purposes,  thermometers  are  constructed  with  either  solids,  liquids,  ur 
gases.  In  much  the  greater  number  of  cases,  however,  mercury  is  tM 
only  substance  employed,  not  only  because  of  its  great  range  of  tem- 
perature between  freezing  and  boiling,  but  also  because  its  changes  of 
volume  for  equal  changes  of  temperature  are  more  nearly  proportioDal 
to  the  temperature  than  those  of  any  other  liquid. 

568.  Constmotion  of  mercurial  thermometers. — Thermomatti 
tubes. — A  capillary  glass  tube  of  which  a  thermometer  is  to  be  matle, 
should  be  one  whose  bore,  throughout,  is  of  the  same  calibre,  so  that 
equal  lengths  within  it  will  contain  equal  quantities  of  mercury.  The 
equality  of  the  bore  is  ascertained  by  causing  a  short  cylinder  of  ^le^ 
cury  (say  one  inch)  to  pass  from  end  t^)  end  of  the  tube,  and  if  i^ 
measures  an  equal  length  throughout,  then  the  calibre  is  equal ;  other- 
wise the  tube  is  rejected.    Only  about  one  in  six  of  thermometer  t 
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•nfimnd  to  possess  a  canal  of  equal  bore.  A  proper  tube  haYing.been 
fdeeted,  a  bulb  (cylindrical  or  spherical)  is  blown  upon  it  by  means 
of  t  gam  elastic  bag  fitted  to  the  open  end.  The  breath  would  fill  the 
tobewith  moistare.  The  form  of  the  bulb  is  conyentional.  A  cylin- 
tel  bulb  will  be  more  readily  affected  by  the  temperature  of  the 
mroonding  medium  than  a  spherical  one,  because  it  exposes  a  larger 
ivftce. 

FilUng  tlie  tabo  with  mercury  is  facilitated  by  tying  a  paper 
foDDel  on  the  open  end  of  the  tube,  or  a  glass  reservoir,  C,  fig.  441, 
is  employed  to  hold  a  portion  of  pure  mercury.  441 

Am  to  dense  a  fluid  oould  not  enter  a  capillary 
opeoinj^  the  air  in  the  bulb,  D,  is  expanded  by 
the  flame  of  a  spirit  lamp,  holding  the  tube 
as  seen  in  the  figure.  As  the  air  expands,  a 
portion  of  it  escapes,  passing  the  mercury  in 
0.  Allowing  the  bulb  D  to  oool,  the  pressure 
ef  the  air  soon  forces  a  portion  of  the  mercury 
from  C  through  the  capillary  tube  into  the 
lower  resenroir,  exhibiting  in  its  progress  the 
■ueeeeeiTe  stages  of  the  capillary  suHaoes 
explained  in  {  235.  The  lamp  is  again  ap- 
plied to  boil  the  mercury  in  D,  and  after 
sereral  minutes,  all  the  air  and  moisture 
are  expelled  from  the  tube  by  the  mercurial 
Taper.  The  bulb  is  then  cautiously  cooled 
once  more,  when  it  will  be  found,  as  well  as 
the  stem,  completely  filled  with  mercury.  The 
extremity  of  the  tube,  C,  is  then  drawn  out  to 
a  narrow  neck,  and  broken  off  preparatory  to 
sealing.  A  greater  or  less  portion  of  the 
mercury  remaining  in  the  stem,  must  now  be 
remored,  according  to  the  range  designed  to  be  indicated  by  the  ther- 
mometer. This  is  aeeomplished  by  gently  heating  the  bulb.  When 
about  two-thirds  of  the  mercury  contained  in  the  stem  has  been  driven 
out,  and  while  the  stem  is  yet  full,  the  flame  of  a  blow-pipe  is  directed 
upon  tlie  end  of  the  stem,  the  glass  melts,  and  the  tube  becomes  her- 
metically sealed. 

669.  Standard  points  in  the  thermometer. — Graduation. — As 
variations  in  the  height  of  the  mercurial  column  in  the  thermometer 
depend  upon  the  changes  of  temperature  to  which  it  is  subjected,  it  is 
ary  to  graduate  the  instrument,  or  construct  a  scale,  whereby 
I  variations  may  be  indicated,  and  the  temperatures  indicated  by 
8g« 
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one  thermometer  compared  with  those  ehown  faj  anoiMr.    If 


existed  a  natural  zero,  or  abnolnte  Umit  to  teniperatarep  the  theneoi 
metric  scale  might  be  nambered  upwards  from  it  But  there  is  no 
natural  zero,  and  therefore  the  thermometric  soale  niost  be  arbitrary, 
although  based  upon  certain  well-determined  physieal  pfae 
Experiment  has  determined  that  the  melUng  point  of  ie 
ing  point  of  pure  water,  under  oertain  given  conditions,  are  alwajs  the 
same,  and  these  points  (called,  respectively,  th^freating  and  bo&hg 
points)  have  been  adopted  in  all  coantries  as  the  two  temperatures,  with 
reference  to  which  thermometric  soales  are  constructed. 


Freezing  point. — To  fix  the  flraeiing  point  in  a  thsrinonMlMr,  a  tin  vmmI, 
like  fig.  442,  is  filled  with  poanded  iee  or  tnow}  a  hole  in  tho  bottoai«r  tko 
▼easel  allows  the  water  flrum  the  melted  ice  to  OMsps.  late  this  vessel  the  bolb 
of  the  thermometer  is  thmst,  with  part  of  the  item. 

When  the  mercurial  oolamn  beoomet  stationsij,  that  is,  whon  tiis  Bsroary 
contained  in  the  bulb  has  attained  the  temporatars  of  tlie  Belting  les^  its  kvtl 
is  marked  with  a  diamond  point,  upon  the  glsn,  or  with  a  peneil  npon  a  pspar 
previously  attached  to  the  tube.  This  indioatos  the  melting  point  of  is^  sai 
consequently  the  freezing  of  water.  This  point  msj  be  indicated  hf  the  sspns- 
sion  Nq  for  the  centigrade  seale,  or  ii||  for  the  Fahrenheit  sesle. 

Boiling  point. — This  point  is  aeenrslely  ized  b7  imnmrslBf  ths  vbsis 
thermometer  in  Tapor  of  boiling  water.    For  this  piirpoae  Regnault  b>B  conirii^fei 
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mk  of  which  th«  thermometor  ii  laspended  by  a  cork,  thr  agh  which  a  small 
|ta«i  tube  alliivrt  aUu  iha  eaoape  of  the  steam.  The  stem  uf  the  thermomot«r  (t) 
ii»yuftetl  to  tba(  the  point  a,  to  which  the  mercurj  ri<)«a  wheo  heated  to  the 
teiijiurAture  of  boiliag  warer«  is  Ja^t  visible  abuve  the  cork.  This  point  is 
Mnittlj  marked  when  the  level  of  the  mercury  becomes  stationary,  thus  indi- 
ntiij  the  boiling  of  water  Let  this  point  be  indicated  by  the  expression  u^, 
vbish  corresponds  to  the  temperatare  T,  at  which  the  observation  was  made. 

Thii  temperature  T  is  equal  to  100**  C.  or  212°  F.,  when  the  barometric  pres- 
nre  ii  30  inches  (or  760  millimetres).  But  as  the  temperature  of  ebullition 
Nrien  with  the  barometric  pressure,  it  is  plain  that  the  value  of  T  will  vary  with 
■ttti  iicighi,  ff,  of  the  barometer.  It  is  essential,  therefore,  to  accuracy  in 
^rjluA-rn^  llie  thermometer,  that  the  boiling  point  should  bo  fixed  when  the 
luriiiiLkT  is  at  :{0  inches. 

AFier  dividing  the  space  between  the  freexing  and  boiling  points  into  as  many 
cqail  psrt!4  as  there  are  designed  to  he  degrees  in  the  scale,  the  divisions  are 
oooiinued  both  above  and  below  the  fixed  points.  This  mode  of  graduation 
ioroiTM,  however,  serious  errors,  some  notice  of  which  ijj  taken  in  ^  576. 

570.  Different  thermometrio  soalee. — Having  fixed  these  two 
f*iiri>lnrd  point  a  in  a  therni«mieter,  the  8piice  between  them  is  next  to 
be  subilivided  int(»  ii  certain  nunil>er  of  equal  partH,  called  degrees. 
Infortunately,  in  different  countries,  this  interval  has  been  differently 
•aiciivi'led.  In  scientiHc  researches,  the  Centigrade  scale  is  almost 
cxciumvelj  in  use,  while  in  common  life,  in  the  United  States,  England, 
ard  II)Ilan>l,  Fiihreiiheit's  scale  alone  is  used. 

Fahrenheit's  scale. — In  the  Fahrenheit  scale,  the  interval  between 
the  h'liling  and  freezing  points  is  divided  into  IbO  equal  parts,  which 
are  I'alled  (le;:roe8.  The  zero,  or  0'',  of  this  scale,  is  32  of  these  degrees 
Mow  the  freezing  p>int. 

Fahrenheit  adopted,  as  the  tero  of  his  thermometer,  the  temperature  which 
hfl  been  observed  at  Dantzic,  Holland,  in  17U9,  and  which  he  found  he  could 
always  reproduce,  hy  using  a  mixture  of  ice  aud  salt.  At  that  temperature 
(which  he  believed  to  be  an  absolute  zero  of  cold)  he  computed  that  his  instru- 
ment contained  11,124  equal  parts  of  mercury,  which,  when  plunged  into  melting 
mow,  were  inorea^ed  to  11,166  parts.  Hence  the  space  included  between  these 
tw<»  p'kinUi  I  viz.,  11.156  —  11,124  z=  32)  was  divided  into  32  equal  parts,  and 
52^  indicates,  therefore,  the  freezing  point  of  water.  When  his  thermometer 
ira«  plunged  into  boiling  water,  Fahrenheit  estimated  that  the  mercury  was 
ixpaode^l  to  11,336  parts,  or  212  parts  above  his  zero,  and  therefore  212" 
11,336 —  11,124^  212)  was  marked  as  the  boiling  point  of  that  fluid.  In 
>ractice,  Fahrenheit  determined  the  boiling  point  of  water,  and  the  melting  point 
ft  ice,  and  then  graduated  the  tube  by  equal  divisions  to  his  zero.  To  Fahren- 
leit  belongs  the  merit  of  having  introduced  the  use  of  mercury  in  thermometers, 
rUicb  hail  previously  been  made  only  with  alcohol,  water,  or  air,  and  his 
graduation  of  the  thermometric  scale,  although  unscientific,  is  not  irrational  as  it 
s  often  represented. 

Centigiade  eoale.— In  the  year  1742,  the  Swedish  philosopher 
Tebitts,  professor  at  Upsal,  introduced  the  Centigrade  scale  (from 
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centum,  one  hundred,  and  gradus,  degree).  It  is  adopted  aniv 
in  France,  and  in  tlie  north  and  middle  of  Europe.  The  inteml  b^ 
tween  the  freexing  and  boiling  points  in  this  scale,  is  divided  into  HW 
e([ua]  parts  or  degrees ;  the  degrees  being  counted  upwards  and  dovfr 
wards,  from  the  freesing  point  of  water,  which  is  lero.  The  temp«a> 
tares  below  zero  in  this,  as  in  all  thermometers,  are  indicated  bj  di 
negative  algebraic  sign  — ;  those  above,  by  the  positive  algebnie 
sign  -f  ;  thus  —  20^  signifies  20  degrees  below  xero,  but  +  20^  signiiif 
20  degrees  above  zero. 

Reaomor's  scale. — Reaumur,  a  French  philosopher,  introdneed  hii  tnli 
ia  1731.  Uc  proposed  to  use  spirits  of  wine,  of  such  a  strength,  that  becvMi 
the  two  standard  points,  1000  parts  should  become  1080.  He  divided  As 
interval  between  those  points  into  80  equal  parts ;  the  sero  being  placed  st  tks 
freezing  point  of  water.  Reaumur's  thermometer  was  the  only  one  used  is 
France  before  the  Great  Revolution  (a.  d.  1789);  it  is  still  best  known  ia  Speiiii 
and  in  some  of  the  older  Bnropean  states. 

All  thermometric  scales  are  purely  arbitrary.  We  know  onlj  t 
small  part  probably  of  the  vast  possible  range  of  temperature,  and  «« 
select  the  two  great  natural  phenomena  adopted  for  the  fixed  poioli 
of  our  scales  because  they  can  be  readily  verified,  and  because  the 
range  between  them  includes  the  temperatures  which  we  have  moat 
occasion  to  measure  iu  the  common  experience  of  life. 

571.  Comparison  and  conversion  of  thermometric  scales.' 
The  scale  employed  in  a  thermometer  is  indicated  by  the  name,  orbj 
one  of  the  initial  letters,  F.,  C,  R.  The  degrees  of  one  thennumetrie 
scale  are  readily  converted  into  those  of  another.  Since  180^  F.  =?  10(f 
C.  =  80**  R.,  therefore  1°  F.  =  4°  C.  =  i'^  R. 

As  the  yalne  of  a  degree  in  Fahrenheit's  thermometer  is  greater  by  83  ttas 
the  number  of  divisions  from  the  freezing  point,  32  must  always  be  subtraelsd 
before  the  -{-  degrees  of  Fahrenheit  are  converted  into  those  of  the  other  seshii 
and  added  upon  the  conversion  of  other  degrees  into  Fahrenheit. 

Easy  rules  fur  mental  calculation  are: — Ist,  to  convert  Centigrade  to 
Fahrenheit  degrees,  doubU  Vie  number  of  Centigrade  degrees^  eubiradnt 
tenths  and  add  thirty-two  ;  or,  multiply  the  Centigrade  degrtet  by  1*8  ssrf 
add  32®.  And  concisely,  to  reduce  Fahrenheit  degrees  to  Centigrade, 
iubtract  Z2^  from  the  Fahrenheit  degrees^  and  divide  the  remainder  by  1*8. 

572.  House  thermometers. — For  common  use,  the  thermometer  11 
mounted  on  a  plate  of  brass,  ivory,  porcelain,  or  wood,  on  which  the 
degrees  are  marked,  as  in  fig.  444.  The  words  summer  heat,  blood  M^ 
and^epfr  heat,  are  often  placed  opposite  the  points  68**,  98^  108**  F. 

House  thermometers  are  usually  graduated  by  comparison  with  a  itsndiri, 
and  not  by  determining  the  two  fixed  points.  For  this  purpose  the  itsadsid 
is  immersed  in  a  water  bath  with  the  tube  to  be  gradoatsd,  and  a  Biakertf 
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^iaUareflbas  fixed,  at  different  temperatures,  aa  the  bath  slowly  cools  from  bolU 
bf.  The  distances  between  the  marked  points  are  divided  into  equal  parts. 
Tku  mode  of  graduation  is  capable  of  giving  results  accurate 
MMgb  for  common  ase,  between  boiling  and  freezing,  say  within  a 
itgiwd  OD  Fahrenbcit's  Kale.  But  above  and  below  these  points  ^ 
Bttfe  nliAoco  can  be  placed  on  it,  and  at  low  and  high  temperatures 
•Mwon  thermometen  will  be  observed  to  vary  often  several 
ffgntt,  eren  when  made  by  the  best  makers. 

Seoe  tbenaometers  bare  their  graduated  wooden  support  divided 
Mtr  the  lower  end  into  two  parts,  connected  together  by  a  hinge, 
•0  that  the  lower  part  may  be  turned  back,  and  the  bulb  thrust 
h(e  any  liquid  whose  temperature  it  is  desired  to  ascertain. 

Otlior  thermometers  hare  their  stem  very  small,  and  completely 
fturranded  by  a  larger  tabe;  the  scale  being  marked  upon  a 
>wriliiii   strip,  or   a   roll  of  paper,  inserted    between    the   two 


In  rery  accurate  thermometers,  the  degrees  are  marked  on  the 
tabs  with  flnohydric  acid  in  a  manner  described  in  |  577. 


Teats  of  a  good  thermometer. — In  order  to  ascertain 
whether  a  thermometer  is  correct  or  not,  it  is  first  plunged 
mto  melting  ice,  and  then  into  boiling  water ;  the  lerel  of 
the  mercury  should  indicate  upon  the  scale  exactly  32°,  and 
212?  F.  When  inverted,  the  mercury  should  fall  with  a 
tuilden  click,  and  fill  the  tube,  thus  showing  the  perfect 
exclasion  of  air. 

To  dotermine  whether  the  ralne  of  the  degrees  is  uniform,  a 
slight  jerk  is  given  to  the  thermometer,  by  which  a  little  cylinder 
of  mercury  is  detached  from  the  column.  On  moving  the  little 
column  through  the  tube,  it  should  occupy  equal  spaces  in  all 
parts,  if  the  bore  is  perfectly  accurate,  and  the  scale  is  properly 
graduated. 

Senaibility  of  thermometers. — The  sensibility  of  a 
thermometer  is  of  two  kinds ;  it  may  indicate  rery  small 
difftr€nce9,  or  it  may  be  rery  sensitire  to  sudden  cJiange^ 
of  temperature.  ,  ^—-  -  —  — - 

If  the  capacity  of  the  reserroir  is  large,  compared  with  the  bore  of  the  tube, 
a  slight  change  of  temperature  will  affect,  considerably,  the  height  of  the  mer- 
cnrinl  eolumn.  If  the  capacity  of  the  reservoir  is  small,  and  the  glass  bulb 
thin,  the  mercury  contained  in  it  will  be  mort  rapidly  affected  than  if  a  larger 
aaonnt  were  to  be  acted  upon.  A  cylindrical  reserroir  is,  therefore,  better  than 
a  spherical  one,  because  it  exposes  a  larger  surface. 

The  two  kinds  of  sensibility  indicated,  are  obtained  in  a  thermometer  which 
has  a  small  cylindrical  reserroir  and  a  rery  capillary  tube. 

573.  Diaplaoement  of  the  zero  point. — One  source  of  error  in  the 
BMrcarial  thermometer  is  found  in  the  displacement  of  the  zero  point 
\fj  ehangea  sabsequent  to  graduation.    If  a  thermometer  which  has 


402  PHT8IC8   OF   IMPONDERABLE  AGENTS. 

been  made  Rome  time  is  thrust  into  melting  ice,  the  colamn  of  i 
will  not  sink  to  the  original  freeiing  point,  but  will  remain  at  a( 
above  it,  Bometimcs  as  much  as  two  or  three  degrees,  and  even  i 

Mr.  Legrftnd  hM  found  that  the  cause  of  ibis  cbaage  is,  that  the  capeeiljif 
the  reservoir  is  enlarged  »t  •  high  temperature  (as  during  the  constrMtia  rf 
the  thermometer),  and  that  it  does  not  return  to  its  original  dImensisMiMl 
after  a  long  time,  sometimes  not  until  after  two  or  three  years. 

The  effect  is  also  supposed  to  arise  from  the  pressure  of  the  atmosphof  spss 
the  bulb,  which,  when  not  truly  spherical,  seems  to  yield  slightly  and  in  agmisri 
manner. 

This  defect  may  be  avoided  by  giving  the  bulb  a  certain  tkiokncsi.  Eft 
Crichton's  thermometers,  of  which  the  freezing  point  has  not  altered  in  fon| 
years,  were  all  made  of  unusually  thick  glass. 

.   Before  making  important  observations,  therefore,  thermometers  shooU  !■ 
examined  as  to  the  position  of  their  freezing  point. 

574.  Limits  of  the  merourial  thermometer. — Mercury  is  by  ftr 
the  most  available  thermometric  fluid.  It  may  easily  be  obtained  pars; 
it  does  not  adhere  to  the  sides  of  the  tube,  and  above  all,  it  has  agreitsr 
range  of  temperature,  between  its  freezing  and  boiling  points,  than  toy 
other  liquid ;  freezing  at  —  SO''^,  and  boiling  at  662^  F.  Between 
these  two  points,  its  expansion  for  equal  increments  of  heat  is  rery 
regular,  excepting  near  its  freezing  point.  Owing  to  this  last  inegu* 
larity,  mercurial  thermometers  cannot  be  accurately  used  fur  tempenr 
tures  lower  than  —  31**,  or  —  35®  C.  Above  the  boiling  point  of 
mercury,  heat  is  measured  by  instruments  called  pyrometers.  Forveij 
low  temperatures,  spirit  of  wine  thermometers  are  usually  emplojed. 

575.  Spirit  thermometera;  other  liquid  thermometan.—Alcuhul 
has  never  been  frozen,  and  is,  therefore,  generally  employed  fur  the 
estimation  of  low  temperatures. 

Thermometer  tubes  are  filled  with  alcohol  (which  is  generally  colored  re^l 
by  heating  the  bulb,  with  tho  open  end  of  the  tube  thrust  into  alcohol,  and  cea- 
pleting  the  procens  in  the  manner  already  indicated  (568).  The  tube  is  gradsitid 
by  comparison  with  an  accurate  mercurial  thermometer,  exposing  both  to  thi 
same  temperature,  and  marking,  succetisirely,  upon  the  alcoholic  thermonettfft 
the  temperatures  indicated  by  the  mercurial  thermometer  as  they  are  gradainj 
heated.  The  alcoholic  thermometer  should  not  be  divided  into  equal  psiti 
between  tho  freezing  point  of  water  and  its  boiling  point,  because  it  ezpsadf 
unequally  for  equal  increments  of  heat.  Alcoholic  thermometers  often  difltr 
much  from  each  other,  because  there  is  great  diflSculty  in  obtaining  aleohol  per 
fectly  pure,  or  of  exactly  the  same  degree  of  concentration. 

Capt.  Parry,  in  bis  arctic  voyages  (whose  experience  was  confirmed  by  I>r. 
Kane.  Arot  Exp.  IL,  405),  found  a  difference  of  IS^*  F.  between  alfoholis 
thuniifimctcrfl  ooui'tructA.'d  by  the  most  celebrated  makers;  and  a  differeneiof 
14°  F.  haj«  been  obsiTved  even  at  a  temperature  of  only  15®  or  20®  F.  In  eos- 
icquence  of  this,  other  liquids  have  I>ccn  proposed  for  thermometers,  inteadsd  M 
indicate  low  temperatures.     From  the  experiments  of  M.  Pierre,  of  all  liqaU% 
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ofdiBftry  mlpharie  ether,  ehlorid  of  ethyle,  uid  bromid  of  methyle,  were  found  to 
be  beet  adapted  for  sueh  inatmmente. 

It  is  plain  from  theee  itatemenU  that  a  more  accurate  mode  of  measuring  lo« 
tsmperatnrts  is  one  of  the  desiderata  of  science. 

676.  Defeots  inliAreiit  in  merourial  thannometars. — ^Besides 
tliote  touroes  of  error  in  this  instrument  already  notioedf  there  are 
others  inherent  in  the  nature  of  the  materials  employed. 

As  glass  and  mercury  expand  unequally  by  heat,  it  is  plain  that  we 
read  in  the  mercurial  column  not  the  absolute  expansion  of  the 
mercury,  but  the  difference  between  its  expansion  and  that  of  the  glass. 
If  they  expanded  equally,  no  movement  of  the  mercurial  column  would 
be  perceiyed,  and  if  the  glass  expanded  more  than  the  mercury,  the 
latter  would  appear  to  fall  when  the  temperature  rose.  But  as  in  fact 
the  mercury  expands  about  seven  times  as  much  as  glass,  the  apparent 
expansion  of  the  metal  in  glass  is  about  one-seventh  less  than  its 
absolute  expansion. 

Again,  it  is  proved  that  the  expansion  of  mercury  for  equal  incre- 
ments of  heat  is  not  absolutely  equal,  but  increases  slightly  with  the 
temperature.  At  temperatures  between  freezing  and  boiling,  this 
increase  is  very  slight,  and  may  be  disregarded,  since  the  division  of  this 
distance  into  parts  of  equal  length  gives  the  degrees  a  mean  length, 
slightly  in  excess  for  the  degrees  near  freezing,  and  as  much  too  short 
for  those  near  the  boiling  point,  but  exact  for  the  intermediate  degrees. 
But  above  the  boiling  point  the  error  is  more  serious,  since  while  the 
degrees  have  the  same  length,  the  space  occupied  by  a  unit  of  mer- 
cury is  constantly  increasing,  consequently  the  degrees  become  too 
short,  and  the  thermometer  reads  too  high  a  temperature.  Fur  the 
same  reason,  below  the  freezing  point,  the  thermometer  constantly 
indicates  a  temperature  higher  than  the  true  temperature. 

The  error  here  pointed  out  could  be  easily  allowed  for  in  the  gradua- 
tion ;  the  coefficient  of  expansion  of  mercury  for  various  temperatures 
being  known.  But  this  correction  is  rendered  almost  imiK^ssible,  from 
the  fact  that  the  rate  of  expansion  of  the  glass  is  found  not  only  to 
increase  about  as  rapidly  as  that  of  the  mercury  (and  sometimes  even 
more  so),  but  to  render  the  case  yet  more  difficult,  it  is  found  that  glass  of 
different  kinds  varies  in  its  rate  of  expansion,  and  the  same  glass  under 
different  conditions  may  also  vary. 

Regnault,  to  whom  we  are  indebted  for  these  data,  has  illustrated 
the  facts  by  a  series  of  observations,  the  results  of  which  are  shown 
in  the  following  table. 

He  has  shown  that  the  air  thermometer*  may  be  relied  on  as 
giving  results  almost  invariable  and  exact.  His  form  of  this  instru- 
ment is  described  at  length  in  his  memoir  before  quoted  (p.  220). 
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OOMPARISOir  OP  DirrsSBKT  THBBirOirBTBBB  (OBHTIOmAlftB  DB«KBBl). 


Air  ThtmnmeUr. 

ThermomtUr 

ThtrmoMMttr, 

TlitrBOBator, 

ONMmtrfb. 

TnM  T«mp«rft- 

without  QUm. 

Fllot-gUM. 

Crava-glMii 

W^mMt^MMmm, 

o 

o 

o 

e 

0 

0 

0 

• 

o>ooodlH 

6000 

49-66 

AO-M 

O'OOi'illKi 

10000 

10000 

100-00 

109-00 

1    o^ooiijH» 

120-00 

120-33 

120-12 

119-95 

9^ttSjb 

140-00 

140-78 

140-29 

139-00 

f*ooofi|£ 

18000 

161-33 

160-62 

169-74 

1      •MT^K 

180-00 

182-00 

180-80 

179-60 

o^oo^SIl-- 

20000 

202-78 

201-26 

199-70 

:     0-000  Mil 

22000 

223-67 

221-82 

X1900 

:      0-0001191 

24000 

244-67 

242-66 

239-90 

0-000  1911 

246-30 

246-30 

260-00 

265-78 

263-44 

260-20 

0-000  1921 

28000 

28700 

284-48 

280-62 

0-000  1931 

30000 

308-34 

305-72 

301-08 

0-000  mi 

820-00 

329-70 

327-26 

321-80 

0-009  1961 

34000 

351-34 

349-30 

343  00 

0-000  1962 

The  temperaturos  indicated  by  an  air  thermometer,  recorded  in  the  Inl 
column,  were  taken  as  a  standard,  and  are  very  near  the  truth.  The  leeoid 
column  gives  the  temperatures  which  would  be  shown  by  a  mercurial  colun 
graduated  in  the  ordinary  way,  assuming  the  glass  to  be  without  ezpaanoi, 
thus  showing  the  errors  attributable  only  to  the  varying  rate  of  expansioa  in  tbst 
metal.  In  the  third  and  fourth  columns  are  given  the  comparative  teDpcra* 
tures  shown  by  thermometers  of  flint  and  crown  glass  respectively,  showiog  ibt 
discrepancies  due  to  differences  of  material.  The  rapidity  with  which  the  rtls 
of  expansion  in  the  mercury  increases  with  the  temperature  is  shown  by  coluu 
fifth. 

At  and  between  the  fixed  points  of  0^  and  100°  a  perfect  accord  was  obserrsd, 
the  small  differences  there  existing  being  distributed  among  all  the  degmt. 
Above  100°,  however,  it  will  be  seen  the  differences  between  the  true  tempera- 
tures and  the  several  thermometers  are  more  and  more  sensible;  and  doiI 
conspicuous  in  the  thermometer  without  glass.  The  effect  of  the  expansion  of 
the  flint-glass  is  seen  to  be  approximately  to  correct  the  expansion  of  the 
mercury.  The  crown-glass  thermometer,  owing  to  the  peculiar  rate  of  ezpu- 
sion  in  crown-glass,  is  seen  to  march  very  closely  with  the  true  temperaUiri 
up  to  246° -30,  where  the  coincidence  is  perfect.  Above  that  point  the  differeacci 
increase,  until  at  340°,  the  error  is  three  degrees.  A  thermometer  of  erown-gtsM 
is  plainly  to  be  preferred  for  accuracy  over  one  of  flint-glass. 

The  facts  embodied  in  this  table  are  made  connpicuous  by  a  geoaetrictl 
construction,*  fig.  445,  in  which  the  figures  on  the  horizontal  line  (or  axil  of 
ordinates)  stand  fur  the  temperatures  of  an  air  thermometer  assumed  as  inriria- 
ble,  and  those  on  the  vertical  line  (or  axis  of  abscissas),  for  the  differences  fovnd 
between  the  air  thermometer  and  various  mercurial  thermometers.  The  viristim 
of  the  theoretical  thermometer,  without  glass,  from  the  true  temperature,  it  Nfi 


*  Cook's  Chemical  Physios. 
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in  the  carr©  On  am;  while  the  curves  0  n  a  c,  0  «  «  r,  0  «  a  t,  Onao,  show 
reipcstiTely  the  TarUtion  of  thermometers  made  with  flint-glass,  green  glass, 

445 


Swetli»h  glass,  and  ^'verre  ordinaire"  of  Paris.  The  last  cnnre  (corresponding 
to  column  fourth  in  the  tfthle)  i?  a  beautiful  illn.^tration  of  the  anomalies  indi- 
cated by  observation.  449 

577.  Standard  thermometer. — The  unavoidable  defects  in  /^ 
tiie  mercurial  thermometer,  just  pointed  out,  are  in  commoo' 
instruments  greatly  exaggerated  by  errors  of  construction. 
Standard  thermometers  for  scientific  purposes  are  con«truct^  [^ 
with  a  scale  engraved  in  the  glass,  iih  in  fig.  440.  Th*r  di\i-i  .i.*  i- 
of  this  scale  are  marked  by  a  dividing;  cn^rino  on  the  -urfu  ,^  ,:  [f 
a  covering  of  varnish,  with  whii*h  the  tuiic  is  <;oated  pr«-j:ir4'  .rv  rf 
to  etching.  As  no  calibre  is  al>solutcly  unif»nii  in  :*:,;•  ;;.%■•■.  '■ 
tul>e  for  a  considerable  length,  the  valu**  of  tii»?  <;:»lJ'or*r  f  ."  «-■.»:;■  . 
part  of  the  tube  is  exactly  measured  }>y  a  <-vlin'J*T  '.i  :;.■■••., -.  *» 
drawn  in  at  one  end  of  the  open  tube,  and  i:if:*'ri  " ,  .;.  ••  •  .-  .^ 
the  error  in  the  length  chosen  may  be  di'?r«'/firi'- i.  'I :,  #  -. .  -  -,*. 
of  mercury  is  then  gradually  ui'»veil  fr«»ni  "ni  •  .  »-r,'i  .5  •:.*  • ,  .-  ' 
by  tlie  f'tr^-e  of  air  from  a  ;:iim  cla-tic  l»-.f!  .  '..-.    ..:j  ••  >   •  ,  f 

into    lengths   equal    to  the    suct;e>«iive   jt-ii;:':.-      :    ••.>    -.  *•    ,•-     '' 
column.     The  position  of  tljo-i' su«.-o*i'(-i". f;  |...i,*-     -   ;«.•*'.    ;-, 
each  of  these  divisions  is  then  subdiviii,-]  •.•.-  ••,..  i  •  -^»  -  -,    .       .  .      •* 
equal  nuniber  of  degrees;  varying  in  U::,-^*:..  A       .•     -  ;•   - 
ti<Mi  to  the  lengths  of  the  ."^everal  card'.r,:i'.  o!. .•   .:  .       V    ..,. 
duations  are  then   etched  irito  the  '^W-".   r,v  tz-/.-  •  ,■  "' 

vap'ir  of  fiuohydrio  acid.     This  gra-Jua**; :  •  j  ,«:   .*   •  • 

to  a  cylindrical   reservoir  prepared  of  :»   -  /:   ••   •.•. . 
il.aiiicter  of  the  tube,  and  the  <lf'-itin»;d  r-.-.,'       '       i 

The  mode  of  determining  the  required  -./-     '  - 

luws: — 

\Vc  wish  to  know  whatsizo  to  give  ll.e  r-.".. '.■'..:  "   •  .   . 
.hat  ^V  divisions  of  the  thermoip  '-t:**-^  - 

^7 


4tJlJ  PHYSICS    OF    IMPONDERABLE   AGENTS. 

empty,  aii'J  also  when  cuntaining  a  eolumn  of  mercury  of  an  obserred  lenf^h.  Wt 
thus  lourn  the  weight  of  mercury,  w,  occupying  n  degrees  of  the  tube.     Fiom  Uua 

10 

vfQ  ul>taiu  A -,  the  uiight  of  mercury  which  will  fill  N  divisions  of  the  tub«^ 

II 

w 

nnd  bv  (99),  wc  know  the  corresponding  volutM  ^  A' — ; — .     Bat  this 

H  {Sp,  Gr.) 

Volume  represents  the  expansion  which  the  mercury  in  the  reserroir  of  the  pro- 
pised  thermometer  must  undergo  when  heated  from  0**  to  100**  C.  Now  the 
apparent  expansion  uf  mercury  under  these  conditions  is  known  to  bo  ^  of  its 
volume  at  0°.     Kepret^uuting,  then,  by  Tthe  unknown  volume  of  the  reservoir, 

y                   te                                               w 
wo  shall  have  :  --=  N ,  and  F^  85  N : —     If  the  reser- 

(i.)  n  ( Sp.  Gr. )  ^{Sp.  Or. ) 

voir  is  spherical.  V  =  ^fiL^f  from  which  we  can  calculate  the  required 
diameter.  If  it  is  eylindrieal,  V  =  ^ftD^h,  from  which  the  approximate  length 
of  k  is  calculated  when  the  diameter  is  given. 

The  thermometer  thus  graduated  is  filled,  and  the  fixed  points  marked  as  already 
described  (:>t)S).  Its  scale,  uf  course,  is  arbitrary,  and  may  be  reduced  by  calcu- 
lation to  the  C\'ntij;rado  or  any  other  scale.  Observation  determines  the  number 
of  divisions  l>etw(M.-n  freezing  and  boiling,  which  we  call  N,  and  also  the  point  on 
the  arbitrary  scale,  corresponding  to  the  freezing  point  (0°  C).  Call  the  number  of 
divisions  below  this  i)oiutf/°,  the  degrees  centigrade  C7°,  and  those  of  the  arbitrary 

100 
scale  ^1°.     We  then  have,  X=  100,  and  (7  =  -—  ^A^  —  d®).   Suppose  there  art 


HEAT. 


407 


(a.)  RatlMrl6rd*s  iniixliniim  and  minimmn  thermometer  consUu 
•f  two  tbermometors  attached  to  a  plate  of  glass,  or  to  wood ;  their  tabes  are 
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beat  at  right  angles,  near  the  bulbs.  The  maximam  thermometer,  A,  contains 
merearj ;  the  minimam  thermometer,  B,  contains  alcohol.  In  the  tobe  of  the 
fonner  is  a  small  piece  of  steel  (seen  at  A);  when  the  mercury  expands,  it 
pushes  the  steel  before  it,  but  when  the  (laid  recedes  toward  the  bulb,  the  wire 
does  not  follow  it.  The  steel  is  thus  left  at  the  extreme  point  to  which  tho 
mercury  may  hare  moved  it,  and  indicates  the  highest,  or  maximum  tempera- 
tare,  to  which  it  has  been  exposed.  The  alcoholic  thermometer  contains  a  small 
piece  of  enamel  (seen  at  B),  sunk  below  the  surface  of  the  liquid.  The  position 
of  the  enamel  is  not  affected  by  expansion,  because  the  alcohol  readily  passes  it ; 
but  by  contraction  it  is  drawn  back  with  the  column  of  alcohol,  by  the  cohesive 
attraction  of  the  particles  of  liquid  at  the  surface  of  the  column.  Thus  the 
enamel  is  left  at  the  lowest  point  to  which  the  column  has  retreated,  and  repre- 
sents, therefore,  the  minimum  temperature  which  has  occurred. 

(6.)  Negretti  and  SSambra's  maximam  thermometer. — A  slight 
ai^itation  piven  to  Rutherford's  maximum  thermometer  will  often  cause 
the  eteel  index  to  become  immersed  in  the  mercury,  which,  upon  ex- 
pansiun,  will  pass  by  the  steel,  and  thus  the  instrument  will  fail  to 
fulfill  the  purpose  for  which  it  was  designed.  This  source  of  error  is 
avoided  in  the  use  of  Negretti  and  Zambra's  instrument,  fig.  448. 

448 


A  Mudl  rod  of  glass,  a  6,  is  introdaoed  into  the  thermometer  tabe^  whk^ 
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then  bent  jui^t  aburo  the  poiui  where  tbe  rod  it  placed;  the  rod  nearly  lUithf 
boro  of  the  tube.  AVhon  in  use,  the  instrument  is  suspended  horizontally.  Tbf 
inoroury,  by  expaudint^,  will  force  its  way  past  the  obstruction,  to  the  point  c (ft 
uxumplc;  when  the  tuinporature  falls,  and  the  mercury  contracts,  thecohwi«« 
of  the  particles  of  mercury  to  each  other  will  prevent  tbe  rolnmn  from  panin; 
the  rod.  The  extremity  of  the  eolnnin,  r,  will  therefore  indicate  tbe  htgimC 
tumperaturo  to  which  the  instrument  has  K>en  exposed.  It  ha:!  been  obMrred 
that  In  this*  form  of  instrument  the  mercury  does  not  move  steadily,  but  by  jerk*. 

(c.)  TValferdin's  mazimam  thermometer. — The  upper  jiart  of 
the  tuln;  of  this  inHtniiDCnt,  fig.  449,  terminating  with  a  small  449 
oritice,   18  surroimdod    by  a  reservoir  which  contains  mercury,   i 
When  the  iiiHtrumeiit  is  to  be  used,  it  is  first  heate*.!,  whereby  the     \ 
nH'vcury  rises  in  the  tube  and  flows  over  into  the  reservoir;    45i» 
it  ir<  then  inverted.     The  elongated  point  of  tbe  tube  thus  "^ 
tlij)s  into  the  mercury  of  the  reservoir.     It  is  n«)w  exposed,     ^j 
while  inverted,  to  a  lower  temperature  than  the  one  to  be     ^ 
deicrmin(»ii.    During  this  cooling,  the  tube  will  remain  full 
becau>o  its  point  dips  into  the  reservoir  of  mercury.     The 
instrument  is  iu>\Y  placed  in  its  pn>per  ^K)silion.  and  it  is 
evident  that  as  the  temperature  rises,  a  portion  of  mercury 
will  pass  out  of  the  full  tube  into  the  reservoir ;  and  this 
portion  will  be  greater  as  the  temperature  is  higher. 

To  determine  afterwards  the  highest  temperature  to 
which  it  has  been  exposed,  it  is  compared  with  a  stand- 
ard thermometer.  Both  being  placed  in  a  water  both, 
gradually  heated,  the  temperature  indicated  by  the  standard 
thermometer  is  observed  when  the  mercurial  column  has 
risen  to  the  top  of  the  tube  of  the  maximum  thermometer. 

r)79.  Metastatic  thermometer. — Walferdin  has  ap- 
plied the  same  principle  to  the  construction  of  a  ther- 
mometer designed  to  indicate  very  small  differences  of 
temperature.  In  this  instrument,  fig.  450,  the  reservoir, 
and  calibre  of  the  tube  are  very  small,  so  that  the  instra- 
mont  is  extremely  sensitive  to  small  changes  of  tempera- 
ture. 

'Ihe  bulb.  IJ,  corresponds'  to  tlie  reservoir  in  fip.  449.  Just 
below  this  bulb,  the  capillary  tube  suddenly  contracts  at  C.  The  ettm  is 
{i;raduatcd  into  parts  of  equal  capacity,  each  of  which  represents  a  very  mail 
fraction  of  a  degree.  In  using  this  thermometer,  it  is  first  heared  to  a  tea- 
perature  somewhat  higher  than  the  one  it  is  desired  to  estimate.  Tbe  morrarj 
rises  in  the  tube  and  partially  fills  tho  bulb.  A  slight  jar  given  to  tbe  iaitrv- 
ment  while  cooling,  causes  the  mercurial  column  to  break  at  the  point  of  cm- 
traction,  and  while  a  portion  of  mercury  remains  in  tbe  bulb,  the  mcreariol 
column  sinks  down  to  a  point  snmowhere  alKJTc  the  reservoir.     The  thermoiBeWf 
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■mt  BOW  be  «zpoMd  to  a  known  temperature,  very  near  to  that  wc  wish  tw 
•StiBAta :  the  position  of  the  level  of  the  mercury  in  the  tube  is  then  notca.  The 
thii  uiomo ter  is  next  snbjeotod  to  the  medium,  whoso  temperature  is  to  be  csti- 
■lAtcd.  Suppose  there  is  a  difference  in  the  level  of  the  mercurial  column  in  thu 
two  caoesy  of  18  divisions  of  the  arbitrary  scale,  and  if  300  of  thcKo  diritfioutt  uro 
•qnal  to  ono  degree,  then  the  difference  in  tcmiH:raturo  muft  bo  ^^^j  of  a  degree. 
Walfordin  ban  employed  thermometers  of  this  kind  which  indicated  one  onc- 
kaadndth  (y  J5)  and  even  one  one-thou«an<lth  (yg\j(f)  of  a  degree,  Centigrudu. 
\j^  and  j^j  of  a  degree  F.).  Dy  caut^ing  more  or  les?  mercury  to  flow  into  the 
vpper  balb,  differences  in  temperature  may  be  estimated  for  difi'crent  points  <»n 
the  seale.  A  single  thermometer  of  this  description  may  take  the  place  of  a 
I  of  thermometers  with  a  fractional  scale. 
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III.    METALLIC  THERMOMETERS  AND  PYROMETERS. 

580.  Bregaet*8  metallic  thermometer. — This  instrument,  remark- 
able for  the  extreme  sensitiveness  of  its  indications,  depends  upon  the 
unequal  expansion  of  different  metnis;  it  is  represented  in  fig.  451. 

Strips  of  platinum,  gold,  and  silver,  after  being  Moldcrcd  together  through- 
oat  their  whole  length,  are  rolled  into  a  thin  ribbon, 
which  is  then  formed  int<>  a  spiral,  or  a  helix.  The 
upper  extremity  of  thiti  helix  '\»  fixed  lo  a  iupportt 
and  to  the  lower  end,  at  right  angles  to  it,  h  aUAi-hctl 
a  needle,  moving  over  a  graduated  circlot  r^&cLnbniii^ 
the  dial  of  a  watch.  The  silver,  which  h  tbe  mmt  ax- 
pansible  of  the  three  metals,  forms  the  innt^r  f^{:!c  of  tbe 
helix;  the  platinum,  which  is  the  leoat  ezpaneibLe, 
forms  the  outer  face,  and  the  gold,  which  has  an  intijf. 
mediate  expansibility,  is  included  be- 
tween them,  and  moderates  their  effects. 
Whtn  the  temperature  rises,  the  silver, 
expanding  more  than  the  other  metals, 
unrolls  the  helix;  the  contrary  effect 
takes  place  when  the  temperature  is 
lowered.  This  thermometer  is  gradu- 
ated by  comparison  with  a  standard 
mereurial  thermometer.  The  instru- 
rnont  is  particularly  useful  when  very 
rapid  Tariations  of  temperature  are  to  be  determined.  Another  form  is  8omc- 
timM  given  to  it  The  compound  ribbon  being  bent  into  the  form  of  a  letter 
UfODO  of  tho  extremities  is  fixed,  and  the  other  is  loft  free  to  move.  l\y  means 
of  a  lever  and  toothed  wheels,  the  movement?  which  changes  of  temperature 
eaaao  in  the  free  end  are  communicated  to  a  pointer,  moving  over  a  dial. 

581.  Sazton'a  deep  sea  metallic  thermometer.— Mr.  Josbpii 
Sazton,  of  the  United  States  Coast  Survey,  has  adapted  the  principle 
of  Breguet's  metallic  thermometer,  to  tho  construction  of  an  instrument 
by  which  numerous  very  accurate  observations  have  l>een  made  upon 
the  temperature  of  the  sea  in  deep  soundings.  Silver  and  platinum 
form  the  compound  spiral,  and  its  torsion  is  registered  by  an  index, 
moved  by  multiplying  wheels,  and  carrying  forward  a  tell-tale,  or  stup- 
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\nnidt  Eij  the  liiwcbt  temperature  attainf^d.  Thia  insinimeiit  hwi  befo 
h(Mi)c  years  in  use  for  deep  sea  toandings,  with  the  best  ntolto.  A 
Hinall  irorrcctiuii  in  the  readings  is  made  (not  eioeeding  one  dugrw 
tor  000  futboms)  proportionate  to  the  depth  of  the  sounding. 

Tlie  term  pyrometer  is  sometimes  applied  to  inttrumenta  intended  t» 
measure  changes  (»t  dimensions  in  bodies  at  low  tempemtnres  bjthi 
expansion  of  solid  rods;  snohis:— >^ 

582.  Sazton'8  reflecting  pyrometer. — In  the  measurement  of  the 
base  lines  of  the  larger  triangles,  in  the  survey  of  the  ooastof  the  U.  &, 
the  greatest  accuracy  is  required.  These  lines  are  sometimes  forty  or  tftf 
miles  in  length.  A n  instrument  constnioted  by  Sazton,  nnder  the  dire^ 
tiou  of  Prof.  Bawl  to.  accomplishes  this  object  perfectly . 

The  measuring  nnU  are  oomponnd  bars  of  iron  and  bras^  so  preperttoatd  Is 
thoir  cross  sectiou  as  to  eqnsliie  their  differenceii  of  speeUo  hsat  and  eondaeti- 
bility,  while  their  unequal  ezpansions  oomponaate  for  eaeh  Qtfaer^  and  prsserti 
an  invariable  length.  To  verify  these  bars,  the  ends  are  brovght  Into  coatart 
with  two  blunt  knife  edges ;  one  immorable,  the  other  forming  the  shorter  end 
of  a  compound  lever ;  having  at  the  other  end  a  rotating  mirror.  Any  Yarfatka 
of  length  in  the  bar,  by  changing  the  angular  position  of  the  mirror,  glres  evi- 
dence of  the  change  to  an  observer,  whose  eye  is  plaeed  at  a  telescope  dirsetsd 
towards  the  mirror,  in  which  the  one  twenty-fire  thoasaadth  of  an  ineh  oa  a 
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6S5.  Dimper's  pyrometar.—This  instrument  registers  its  results  by 
the  ezpansioD  of  a  little  strip  of  platinum,  heated  (in  free  air)  by  a 
BeMored  current  of  yoltaic  electricity. 

The  platinum  atrip  is  conneeted  with  the  short  end  of  a  lerer,^  whose  longer 
Bab  mariES  upon  a  graduated  are  the  degree  of  expansion.  With  this  delicate 
iBttromenty  Prof.  Draper  oondacted  a  aeries  of  experiments  upon  the  tempera- 
tarei  at  which  bodies  become  Tisibly  red,  in  the  dark  and  in  diffnacd  light,  the 
temperaturea  being  determined  from  the  coefBoient  of  expansion  in  tho  several 
matala.     (Am.  Joor.  8ci.  [2]  IV.  388.) 

386.  Bstimatioii  of  very  high  temperatures. — According  to  6un< 
sen's  calculations  (Gasoroetry,  p.  236-243),  the  temperature  of  a  hydrogen 
flame  burning  in  free  air  is  3259''  G.  (==  dSOS"*  F.),  and  of  defiant  gas 
5413**  C.  (=  9775^  F.).  Since  it  is  probable  that  at  high  temperatures 
the  radiating  power  of  a  body  for  heat  is  proportional  to  its  radiating 
power  for  light,  we  are  in  possession  of  the  means  of  comparing  the 
intenaity  of  glow  of  a  coil  of  platinum  heated  in  a  furnace,  or  in  a 
stream  of  lava,  with  the  glow  from  a  like  coil  heated  in  a  flame  of 
known  temperature,  and  thus  approximately  of  estimating  the  tern 
peratare  of  a  furnace  or  of  a  volcano. 

IV.     THERMOSCOPES. 

587.  Thermoaoopea. — This  name  (from  Oipfxij,  temperature,  and 
ffxaiciwt  to  Fee)  is  applied  to  a  class  of  instruments  designed  to  indicate 
small  differences  of  temperature,  and  not  to  measure  them  in  degrees. 

Air  thermometers. — As  air  contracts  and  expands  uniformly  and 
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quickly,  it  is  often  used  where  slight  and  sudden 
Tariations  of  temperature  are  to  be  obserTcd.  The 
contractions  and  expansions  which  it  undergoes, 
are  rendered  yisible  by  the  movements  that  it 
eaosee  in  liquids.  Such  instruments  are  often 
called  air  thermometers,  but  are  not  to  be  con- 
founded with  the  form  of  air  thermometer  described 
hy  Regnault,  which  is  the  most  accurate  measure 
of  temperature  yet  made  known.  The  results  in 
the  first  column  in  the  table  on  p.  404  were 
obtained  by  the  air  thermometer  here  alluded  to, 
•ome  notice  of  which  will  be  found  in  the  section 
on  expansion. 

The  slmpleit  air  thermometer  is  that  represented  by 
tff.  462,  and  is  often  called  the  thermometer  of  Sanc- 
lorioa,  an  Italian  philosopher  of  the  17th  century.  It  is  a  bulbed  tube,  filled 
vlfeh  air,  having  for  an  index  a  drop  of  colored  liquid  in  the  stem  at  A.  The 
I  of  the  index  show  the  variations  of  temperature.  Another  form  of 
I  iattmment  is  represented  by  fig.  45.3.    The  extremity  of  tha  tuba  i«a*a 


M 


PHYSICS   OF  IMPONDERABLE   AOENTB. 


412 


in  the  colored  liquid  contained  in  the  open  TCSseL     If  the  bnlb  is  heated,  thi 
liiiuid  falls  in  tho  tube,  and  rises  if  the  bulb  is  cooled. 

Ainontond*  thermometer,  fig.  464,  is  essentially  the  same  as  the  Iwt;  tin 
hull),  C,  ist  partially  filled  with  colored  liquid.     Expansion  of  the  air  eoatuM^ 
in  tho  upper  .part  of  the  bulb,  C,  causes  the  liquid  to 
risu  in  the  tube  A  B. 

These  iu:}truments  are  ncoessarily  imperfect,  owing  to  /^ 
the  varying  pressure  of  the  atmosphere,  and  they  serve 
only  as  means  for  the  illustration  of  principles  in  the 
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class-room. 

(a.)  Leslie's  diiferential  thermo- 
meter.— This  instrument,  fig.  455, 
avoids  the  objection  to  the  open  air 
thermometer.  It  was  used  by  Leslie 
in  liis  experiments  on  radiant  heat, 
and  consists  of  a  two-bulbed  tube  filled 
with  air,  bent  twice  at  right  angles.  It 
contains  a  column  of  sulphuric  acid  in 
the  stem,  which  stands  at  the  same 
height,  if  both  bulbs  are  equally  heated,  but  if  one  is  heated  more  than 
the  other,  the  difference  is  seen  in  the  unequal  height  of  the  two  columns 
as  shown  in  the  figure. 

(6.)  Howard's  di£ferential  thermometer,  fig.  456,  contains  ether, 
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and  the  vapor  of  ether,  in 
place  of  common  air.  It 
is  by  far  the  most  sensitive 
instrument  of  its  class.  It 
was  invented  by  Professor 
Howard,  of  Baltimore,  in 
1819. 

(c.)  Rumford's  thermo- 
scope,  fig.  457,  is  an  instru- 
ment resembling  Leslie's, 
and  like  it,  contains  air.  The  horizontal  tube  is  longer,  and  the  bulbs 
larger,  than  in  Leslie's,  and  a  short  column  of  sulphuric  acid,  n,  separ 
rates  the  two  masses  of  air,  and  by  its  motion  over  a  scale  of  equal 
parts,  serves  to  indicate  differences  of  temperature. 

588.  Thermo-multiplier. — By  far  the  most  delicate  of  all  means  of 
measuring  small  variations  in  temperature,  is  the  thermo-multiplier,  or 
thermo-electric  pile  of  Nobili  and  Melloni.  Its  indications  depend  on 
the  production  of  electric  currents  by  small  changes  of  temperatare. 
It  was  with  this  instrument  that  Melloni  conducted  the  remarkabto 
series  of  researches  on  the  transmission  and  radiation  of  heat  which 
are  noticed  in  their  appropriate  place,  farther  on. 
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2  3.  Bxpansion. 

I.    EXPANSION   OF   SOMDS. 

589.  Li aear  expansion. — Pyrometers. — The  general,  fact  of  tlie 
expansion  of  bodies  by  heat,  has  already  been  stated  in  ^  506.  Linear 
expansion,  or  expansion  in  a  single  direction,  is  illustrated  by  the 
npparatus  seen  in  fig.  458.     A  metallic  rod,  A,  securely  held  by  a  screw 

458 


at  the  end,  6,  is  heated  by  the  flame  of  an  alcohol  lamp.  The  expan- 
sion is  shown  by  the  movement  of  the  index,  K,  over  the  graduated 
arc,  occasioned  by  the  pressure  of  the  fore  end  of  the  rod  against  the 
short  end  of  the  index.  At  the  beginning  of  the  experiment,  the  rod 
A  is  adjusted  by  the  screw  B,  so  that  the  index  stands  at  zero ;  as  the 
rod  cools  the  index  returns.  Rods  of  various  metals  and  alloys  may  be 
used  for  comparison.  Such  an  instrument  is  called  a  ^^rome/^r  ;  but 
it  has  no  scientific  value,  being  replaced  by  instruments  of  far  greater 
delicacy.  Those  named  in  JJ  582,  584,  and  585  are  examples  of  the 
accurate  application  of  linear  expansion  of  solids  for  the  exact  admeas. 
urement  of  changes  of  temperature. 

590.  Cnbioed  expansion  in  solids  may  be  sluiwn  by  the  apparatus, 
fig.  459.     The  ring  of  metal,  m,  allows  the  459 

ball  of  copper,  a,  merely  to  pass  through 
it  at  the  ordinary  temperature.  If  the 
ball  is  heated,  it  expands  in  all  direc- 
tions, and  will  then  no  longer  pass 
through  the  ring,  but  rests  upon  it,  as  is 
shown  in  the  figure.  As  the  ball  cools, 
it  gradually  returns  to  its  original  din)en- 
sions,  and  again  passes  through  the  ring 
as  before. 

Different  solids  expand  unequally,  but, 
for  the  most  part,  uniformly,  in  all  directions,  and  returp  to  their  origi- 
nal dimensions  on  cooling. 
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Thero  are  somo  exceptions  to  this  general  statemenL  Wood  expands  nk 
contracts  more  in  the  breadth  of  its  fibres  than  in  their  length ;  and,  whei  it 
is  considerably  heated,  it  contracts  permanently.  Ctay  also  eontracts  penH* 
nontly  by  boating,  and  becomes  vitrified;  new  chemical  componnds  bcisg 
formed.  The  particles  of  lead  slide  CTer  each  other  daring  expansion,  and  dt 
not  return  again  on  cooling  to  their  original  position.  Lead  pipes,  whieh  eoa- 
▼ey  hot  water  or  steam,  become  permanently  elongated ;  and  the  letfden  liaiBis 
of  bath-tubs  and  cisterns,  which  reoeire  hot  water,  become  gathered  into  ridgei 
from  this  cause. 

Relation  between  onbloal  and  linear  ezpsmsion. — ^The  linetr 
and  cubical  expansion  in  any  homogeneous  solid,  is  so  related,  thit, 
Y)y  the  name  elevation  of  temperature,  its  length,  breadth,  and  depth 
will  be  increased  in  the  same  proportion.    Thus : — 

If  a  solid,  heated  to  a  certain  temperature,  increases  in  length  one  one-thov- 
sandth  of  its  original  length,  its  surface  increases  two  one-thousandths  of  itf 
original  area,  and  its  volume,  three  one-thousandths  of  its  Qriginal  bulk. 

This  theoretical  view  is  found  to  be  nearly,  but  not  quite,  true,  in  fact. 

Expansion  of  crystals. — Crystals  of  the  monometric  system 
(154,  a),  like  common  salt,  fluor  spar,  &c.,  expand  equally  in  all  di^6^ 
tions.  In  this  system,  all  the  crystallogenic  axes  are  equal,  and  at 
right  angles  to  each  other.  In  crystals  of  all  other  systems,  the 
expansion  is  the  same  in  only  two  directions  (dimetric  system,  154, 6), 
or  it  is  different  in  all  three,  depending  upon  the.  position  of  the 
crystallogenic  axes  to  each  other.  The  amount  of  expansion  in  some 
crystalline  compound  bodies,  e,  g.,  fluor  spar,  aragonite,  sulphate  of 
barytes,  quartz,  &c.,  is  found  to  be  greater  than  in  metals,  contrary  to 
the  generally-received  opinion.  • 

591.  CoelBcient  of  expansion. — The  small  gain  in  length  in  a  rod 
1  foot  or  1  metre  long,  when  heated  from  32**  to  33**  F.,  or  from  0**  to  1** 
C,  is  called  its  coefficient  of  linear  expansion. 

1.  Coefficient  of  linear  expaimon.  If  the  length  of  the  bar  is  2,  at  the 
temperature  of  32**,  its  length  at  33**  is  I  -\-  IK,  composed  of  its  original 
length,  /,  and  a  small  fraction,  IK,  variable  with  the  substance  experi- 
menteii  <m. 

If  tho  rod  is  carried  successively  through  the  scale  of  temperatures,  it  gainii 
at  each  degree,  a  new  elongation,  which  experiments  show  to  be  nearly  constant, 
and  equal  to  IK^  so  that  if  the  rod  is  elevated  from  32**  F.,  to  (  degrees  abore 
32°  F.,  its  total  gain  in  length  is  expressed  by  /Air,  and  its  new  length,  l^  w 

l-{-lK't,     or,  /e-=/(l-f^O- 

At  any  other  temperature,  t', — this  expression  becomes,  1/  b  =:  1(1  -{-  JTf').  sad 
if  the  value  of  1/  (any  temperature  above  32°),  is  sought  in  terms  of  ^  we  wrils 
approximately,  1/  z=  lt[\  -f-  A'(«'  —  f)]. 

The  coefficients  of  expansion  for  some  of  the  most  frequently  occa^ 
ring  solids  is  given  in  Table  III.,  in  terms  of  the  decimal  system. 

2.  Thf  roeffioicHt  of  Buperficial  erpantioHf  is  obtained  from  the  exprcf 
sioas  for  linear  expansion,  \>y  «u\>«V\V,uV.vui^  S  vci^  S^  Coc  I  and  /<;  thiu>- 
St    =    S    (1+2 Ki)t  wboi  e  1 K  Tcie\acc%  K  \\i  V\v^  l«rGUQ^&^<cst\ficsmKl  vcv^ub"^ 
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9L  T%9  eo^j/hitrnt  ^f  emhi«  lacpannom,  is  the  bidbII  frafltion  of  iti  Tolome, 
%f  wUoh  »  toUd,  Uqnid,  or  gai  ii  inereaMd  when  heated  firom  Z2**  to  33**  F. 
( tba  •spwulon  to  be  proportional  to  temperature,  we  maBt  admit  the 
t  Fal  f  dofreet  and  al  82  depreea  to  be  proportional  to  the  cnbes  of  their 
neoaloiif.  Bj  the  same  reasoning  as  before,  we  hare,  therefore, 
P  =  F(l  -{-  9Kt),  by  which  the  increased  volame  (  P)  of  any 
■Mi  of  matter  may  be  ealenlated  when  the  yalae  of  V,  t,  and  JT  ure  known. 

Th«  eoefltoieiit  of  enbio  expansion  may  also  be  determined  accurately  firom 
tha  qpaeifle  gr»Tity  of  the  solid  taken  at  different  temperatures,  thus : — 

Lei  (Sp.  Gr.)  and  (Sp  Or.)'  represent  the  specific  gravities  of  any  solid  at  the 
tmo  ftnaperatares,  f  and  i' ;  let  TT be  the  weight  of  the  solid  under  trial.  Fits 
mt  S2*,  and  K  the  oo-efiicient  to  be  found;   then,  since  by  the  last 
n,  we  know  the  Talne  of  the  solid  at  t^  and  t'**,  V  {I  -\-  ZKt),  and 


r<l  +  l»OwehaTefrom|09  ^^  ^""'^  =  f  {i -^  $Kt)'  ""* 

w 
{8^   Or  J)  =  •     The  Talne  of  the  co-efiicient  of  cubic  expansion, 

ii  obtained  fkom  the  rednetion  and  combination  of  these  two  equations 

Thus.    jr_       ^Sp.Or.)^iSp:Or,Y 

^Sp,  Or.y^  —  Z{Sp.  Or.)r 

This  eoefiicient  may  also  be  obtained  from  the  apparent  expansion  of  mercury. 

It  is  plain  that  all  questions  relating  to  the  expansion  of  solids,  may  be  solved 
hj  these  expressions,  when  the  value  of  if  is  known ;  and  that  this  quantity 
most  bo  the  subject  of  exact  experimental  determination  in  each  solid.  Our 
Ifasita  do  not  permit  the  description  of  the  various  means  by  which  the  linear 
•xpansion  of  solids  has  been  measured.  In  the  researches  of  Lavoisier  and 
Laplaee,  a  bar  of  the  substuice  under  examination  was  heated  in  a  water-bath. 
Oaa  end  was  fixed,  the  other  free,  and  touched  the  end  of  a  lover,  acting  by  any 
axpansion  of  the  bar,  and  causing  a  movement  observed  in  a  telescope  attached 
to  the  lever,  as  already  described  in  {  582.  The  expansions,  from  32°  to  212^', 
irare  tbns  read  oflT  upon  a  scale  placed  at  a  proper  distance. 

Tbo  oafMoity  of  hollow  vessels  is  increased  by  the  expan- 
of  their  walls,  to  the  same  amount  which  a  solid  mass  of  the 
I  matefisl  and  Tolame  would  expand  by  a  like  change  of  tempera- 
Hence  it  is  easj  to  calculate  from  the  known  co-efficient  of  glass, 
or  anj  other  substance,  the  changes  of  capacity  of  hollow  vessels. 

Tbo  amount  of  expansion  in  solids,  between  freezing  and  boiling, 
is,  after  all,  but  a  Tery  small  fraction,  being,  for  zinc,  which  is  the  most 
expansible  of  all  metals,  only  one  three-hundred  and  fortieth  of  its 
leagth ;  while  glass  expands  only  about  one-third  of  this  quantity,  for 
alike  change  in  temperature  (1  in  1248).  The  order  of  the  expansi- 
biUty  of  metals  and  glass  is  as  follows,  commencifig  with  the  most  and 
fading  with  the  least  expansible : — zinc,  lead,  tin,  silver,  brass,  gold, 
r«  bismuth,  iron,  steel,  antimony,  platinum,  glass. 


•  la  sU  these  formnlss,  i  is  taken  to  represent  the  number  of  degrees  aboTS 
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This,  it  is  worth  while  to  remark,  it  aleo  yery  nearly  the  arte  ef 
eompressibility  of  the  same  sabstancee. 

Ice  is  more  dihitable  than  zinc,  in  the  ratio  of  ^^^  to  f|y.  The  eott- 
tra(;ti(>ii  of  ice  by  cold  has  been  observed  for  3(P  or  40^  below  tbt- 
freczing  point. 

The  most  expansible  solids  are,  in  general,  the  most  fosible,  f.  ^^ 
ice,  zinc,  &c. ;  while  the  least  expansible  metal,  pkUinum^  it  abo  the 
least  fusible ;  but  in  other  cases  this  comparison  fails. 

The  hardness,  ductility,  and  other  physical  properties  of  the  metals, 
appear  to  sustain  no  relation  to  their  expansibility. 

592.  The  ratio  of  exfmnslon  inoreaaea  with  the  tempei«tim.^> 
Between  32°  and  212^  F.,  the  increase  in  the  coefficient  of  expanaion 
in  solids,  is  hardly  appreciable ;  but  for  high  temperatures,  the  increase 
becomes  a  considerable  quantity.  Regnault  has  determined  the  mean 
coefficients  for  glass,  when  blown  in  hollow  Tcssels  between  lero  C.  aad 
the  following  temperatures — the  coefficients  being  in  each  case  tenHuil* 
lionths  of  the  whole : — 

Coefficients.      K. » 276     284     291     298     306     818 
Temperatures,  C.       lOO**    150*    200**    250*    300"    850» 
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weight ;  and  if  Taried  from  10°  to  90°,  a  common  change  from  winter 
lo  aammer,  it  expands  with  a  force  of  about  seven  tons. 

Tha  fom  of  contrsetion  in  a  cooling  solid,  is  equal  to  the  forco  of  expansion 
vhaa  U  is  heated.    This  force  is  conitantlj  used  in  the  arts. 

The  vails  of  an  arched  gallery  in  the  Museam  of  Arts  and  Trades  in  Paris, 
haring  bulged  ontwardi  bj  the  weight  of  the  arch,  450 

Molard  plaeed  a  series  of  iron  bars,  fig.  460,  through 
the  well,  secnred  by  nuts  on  the  outside.  The  alter- 
uoe  bars  were  first  heated  by  charcoal  furnaces, 
sudy  when  they  were  expanded,  the  nuts  were 
screwed  firmly  up  to  the  walls.  As  the  bars  cooled, 
they  drew  up  the  walls  to  an  extent  equal  to  their 
eontraction.  The  other  half  of  the  bars  were  in 
like  manner  heated  and  cooled  ;  and,  by  a  soric}«  j^ 
of  sacb  operations,  the  walls  were  gradually  brought 
lo  an  erect  position.  A  similar  proceeding  was 
adopted  in  the  Cathedral  at  Armagh,  and  in  a  sturc- 
hoese  in  Proridence,  R.  I. 

Wheelwrights  and  coopers  make  iron  tires  and  hoops  a  little  smaller  than 
the  wheel  or  barrel  for  which  they  are  designed;  these  are  apiilicd  in  a  heated 
sute,  and  quenched ;  as  they  contract,  they  bind  the  parts  firmly  together.  The 
heavy  wrooght-iron  rims  of  the  driving-wheels  of  locomotive  eu;;incg,  are  i<bnink 
on  in  the  same  way.  Rail  car  whcelrt  are  often  cast  with  split  bubs,  to  allow 
play  for  the  unequal  contraction  of  the  heavy  rims  and  lighter  arm:),  ur  tlrc  latter 
would  be  broken  at  the  hub,  ur  rim,  on  cooling.  The  same  precaution  in  requi- 
site in  all  castings  where  heavy  and  light  parts  are  united.  lioiler-plutefi  are 
rireted  together  with  red  hot  rivets,  which,  on  cooling,  draw  the  plates  together 
■ore  firmly  than  any  other  means  could  do.  Wueu  tbe  Hiopper  of  u  bottle 
•ticks,  it  may  usually  be  withdrawn  by  heating  tbe  neck  of  tbe  bottle  with  a 
spirit-lamp,  or  with  a  cloth  dipped  in  warm  water.  The  neck  is  thus  expanded, 
and  the  stopper  i:«  rcle&fed. 

594.  Common  phenomena  prodaced  by  the  ezpanaion  of 
solids. — In  every-day  life  may  be  seen  numerous  pheiKMiioiui,  enused 
liy  the  expansion  and  contraction  of  substances  by  vuriations  in  ten. 
perature. 

A  stove  sneps  and  crackles  when  the  fire  is  lighted,  and  again  when  it  is 
iZtJnguished,  because  of  the  unequal  expansion  and  contraction  of  tbe  diifercnt 
parts.  The  pitch  of  a  piano-forte,  or  harp,  is  lowered  in  a  warm  room,  owing  to 
the  expansion  of  the  strings  being  greater  than  that  of  tbe  wooden  frame  which 
lapports  them  ;  and  for  the  reverse  reason,  the  pitch  is  raised,  if  tbe  room  is 
eooled. 

Nails  driven  into  wood  often  become  loose;  the  expansion  and  contraction  of 
the  nails,  through  variations  of  temperature,  gradually  enlarging  the  boles. 
A  gale  in  an  iron  railing  may  be  cai<ily  shut,  or  opened,  in  a  cold  day,  but  only 
with  difficulty  in  a  warm  day,  because  tbe  gfttc  itself,  and  tbe  surrounding  rail- 
legs,  have  become  expanded  by  tbe  beat. 

Astronomical  instruments, placed  on  elevated  buildingti.arc  sometime."  sensibly 

•leranged  by  the  e.^pansion  of  the  walls  exposc<l  to  tbe  sun.     Ir<»n  and  platinum 

wires  may  be  suecessfully  soldered  into  glass,  because  their  mutual  expansibility 

dillen  verj  little,  while  silver,  gold,  and  copper,  similarly  trealed,  otafik  ou\.  aa 
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the  joint  coila,  because  their  ezpuifibiUtj  ii  maoh  gnaim  Una  tkaft  tf  fkm 
glass. 

Gloss  and  earthen  vesseli,  with  thick  walls,  ftn  liable  to  tevak  vbn  M 
liquids  are  suddenly  poured  into  them.  Tb«  nirfiMM  In  oontao^  with  tht  htH 
liquid,  expanding  before  the  other  parts  sire  alfectedy  have  a  landwuy  la  waif^ 
or  bend  the  sides  unequally,  and  the  brittle  material  breaks.  We  «se  tkk  ^eni- 
liarity  of  glass  to  convert  broken  ressels  in  the  laboratory  to  aasM  pmveeai. 
Since,  by  a  red-hot  iron,  or  the  point  of  a  homing  eoal,  we  ean  lead  a  esaek  ia 
any  direction,  and  thus  safely  diride  the  thickest  glass. 

Bunker  Hill  Monument,  an  obelisk  of  granite,  two  haadied  and  twenly-OBe 
feet  high,  moves  (as  observed  by  Horsford),  at  top,  with  the  sun's  njM,  so  as  is 
describe  an  irregular  ellipse  with  the  snn's  motion.  This  moTement  eownaenrss 
about  7  A.  M.,  of  a  sunny  day,  and  has  its  maximum  in  the  afternoon.  In  a  doodj 
day,  no  motion  exists,  and  a  shower  restores  the  shaft  to  its  poaltion;  showing 
that  the  heat  which  produces  the  deflection  penetrates  bat  a  short  distaaosk 

Railroad  bars  must  be  laid  with  open  Joints,  or  their  ejcpanshm  and  eeatnb- 
tion  between  the  extremes  of  natural  temperature  would  dsatroy  tha  lead. 
Between  4°  F.,  and  100°  F.,  the  expansion  of  one  mile  of  rails  (ftlM  feet)  b  i 
feet  7  inches. 

The  two  tubes  of  the  Britannia  Bridge  (17S),  an  seeured  at  tha  eantn  to  the 
main  pier,  called  the  Britannia  Tower ;  but  the  other  polnta  of  wpport  vsit  9m 
friction  rollers,  admitting  of  firee  motion  with  ohaages  of  tsMpentan.  An 
increase  of  26^'  F.,  from  32<>  to  58<>,  gives  a  total  tnareaia  of  H  iasliM  la  tts 
whole  length  of  each  tube,  or  one-half  that  amount  at  i 
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506.  OotnpeiiMitlng  pendnlniiifl. — ^The  length  of  a  pendulam 
alone  determinee  its  iimee  of  oscillation  (82).  A  difference  of  one 
ooe-hnndredth  of  an  inch  in  a  seconds  pendulum  would  cause  a  clock 
to  rarj  eleren  seconds  in  twentj-four  hours,  and  a  difference  of  60^  F. 
prodaoes  this  effect. 

In  ordinary  clocks,  this  defect  in  the  length  of  the  pendulum  is 
remedied^  bj  raising  or  depressing  the  ball  at  the  end  of  the  rod  by 
means  of  a  screw.  Pendolnms  in  which  this  defect  is  remedied  by  a 
aelfadjosting  arrangement,  are  called  eompensaiing  pendulums.  The 
compensation  is  effected  by  the  unequal  expansion  either  of  mercury 
and  glass,  or  of  different  metals. 

Haniaon'a  gridiron  compensating  pendolom,  fig.  462,  is  one 
of  those  most  commonly  employed.  The  large  weight  at  the  bottom 
of  this  pendulum  is  supported  by  a  series  of  rods  of  492 

brass  and  steel  arranged  in  alternate  pairs.  The  middle 
rod  is  of  steel,  and,  like  all  the  other  steel  rods,  is  shaded 
in  oar  figure.  The  orosa-pieces  connect  the  two  systems 
of  rods,  alternately  at  top  and  bottom,  in  such  a  way 
that  while  the  expansion  of  the  steel  rods  lengthens  the 
pendulum  the  expansion  of  the  brass  rods  shortens  it. 
The  length  of  the  pendulum  is  plainly  the  sum  of  the 
length  of  the  steel  rods  less  the  sum  of  the  brass  rods  (the 
supporting  crotchet  being  added  to  the  length  of  the 
steel  rods),  each  pair  of  rods  being  reckoned  as  only 
one  rod.  In  order  that  the  length  of  the  pendulum 
should  remain  iuTariable  with  changes  of  temperature, 
it  is  obTious  that  the  expansion  of  the  two  Bystems  of 
rods  must  exactly  balance  each  other. 

To  determine  the  length  of  rods  required  to  effect  this,  lot 
L  and  I  be  the  inm  of  the  lengths  of  the  steel  and  brass  rods 
respectirely,  and  K  and  K*  their  respective  coefficients  of 
expansion.  Then,  if  the  amount  of  expansion  in  both  systems  is  equal,  L  K 
will  equal  /  /?.  Bat  since,  at  London,  the  length  of  the  seconds  pendulum  is 
3914056  inches  (82),  it  follows  that  X  —  /  =  3914056  inches. 

If,  therefore,  we  take  Arom  Table  III.,  the  values  of  K  and  A7,  and  combine 
these  two  equations,  we  shall  find  the  respective  lengths  of  L  and  I. 


X  = 


IC  —  K 


X  39-14056  inches,    /  = 


K 


K'^K 


X  39-14056  inches. 


But  the  position  of  the  centre  of  oscillation,  which  determines  the  rirtnal 
length  of  the  pendulum  (83),  may  vary,  although  the  sensible  length  remains 
unchanged.  Hence  the  necessity  of  adjusting  the  position  and  mass  of  the 
suspended  weight  after  the  length  of  the  rods  is  approximately  accurate. 

In  Ora]iam*a  compenaating  pendolnm,  fig.  463,  the  rod,  o,  h,  is  of 
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glass,  and  the  ordinary  weight  is  replaeod  by  a  giMi  twmI  aoBtainUis  i 
sustained  in  a  metallic  stirmp.     When  the  feempermtore  rises,  the  peaMm 
lengthens,  and  the  mercury  also  expanding,  rises  in  the  glass. 
The  compensation  in  this  instrument  is  not  quite  perfect,  since  the  fMMlllsael 


the  centre  of  gravity  (which  remains  unchanged  by  the  eonstme- 
tion)  does  not  entirely  coincide  with  the  centre  nf  oveillalion,  on 

whicli  tbe  virtual  kn^'th  of  this  penchilutd  deptrbde.  ^ 

Mr.  Head    Robert*'   compeaaating   pendulum    ie 

rcmarkablo  for  its  vxtrt^me  simplicilj.     The  rod  of  th«  pandulnm« 

Jjj?-  464,  Is  of  platiQiitn»  and  supports  bt  its  Iciw^r  etid  a  diik  of 

tine.     This  centre  of  prftTity  of  Ibi*  dltk  will  4 AS 

alwuy4  be  preierTcd  at  the  same  dlaiauoo  IVom 

the  point  of  flUtpfiDsiot]^  if  the  expansion  of  tbc 

platinum  rod  is  equal  to  that  ^^ 

of  tho  zincr  di»k ;  this  eoodition 

U  obtained  when  the  radiut  of 

the  di^k  i$  eqnal  io  one- third 

of  tbe  length  of  tbc  rod, 

Martin's  compensa- 
ting penduttim  I*  a  com- 
pounc)  bar  of  iron  nnd  copper 
soldered  toguthAt  througboul  | 
their  lengthy  and  fixed  tran^- 
Tersely  upon   the  pendulum 
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Oeneral  statement.— All  liquids  e:ipaD(I  hy  heat  more  than 
thitfi  mercnrjf  the  least  expanaible  of  all  liquida,  expands  more 
tban  imct  the  moat  expansible  of  all  aotid». 

Thr  rn.te  of  es pan 9 km  in  liquids  b  not  80  11  ni form  ns  it  is  in  fiolids, 
^md  espeeiallj  near  their  points  of  solidification  and  vaporisation  they 
are  eafctjeot  to  great  irregularities. 

598.  ▲ppuent  uid  absolute  ezpanalon. — We  have  already  (576) 
BOtioed  the  fact  that  it  is  only  the  apparent,  and  not  the  absolute,  expan- 
rioa  of  meroory  whioh  is  read  in  Uie  thermometer.  It  is  plain  that 
iu  aiij  case  the  absolute  expansion  of  a  liquid  must  be  the  sum  of  its 
apparmi  expansion,  and  of  the  increased  capacity  of  the  containing 
TeiMl  (591)  at  the  given  temperature.  Either  two  of  these  quantities 
being  known,  the  third  can  be  calculated. 

The  abeolttte  expansion  of  mercury,  being  one  of  the  most  important 
eooatante  in  physics,  and  one  on  which  many  others  depend,  has  been 
determined  with  the  greatest  accuracy.  This  determination  was  origi- 
nally made  by  Dulong  and  Petit,  and  has  been  confirmed  and  corrected 
more  leoently  by  Regnault. 

The  method  giving  most  exact  results  depends  on  the  familiar 
prineiple  of  hydrostatics  (202),  that  the  heights  of  liquid  columns  in 
eommnnicating  vessels  are  in  the  inverse  ratio  of  the  specific  gravities 
of  the  liquids.  What  is  here  true  of  different  liquids  is  of  course  true 
of  the  same  liquid  at  different  temperatures.  To  determine  this  point 
aoeiirately,  a  glass  tube,  bent  into  a  syphon,  is  filled  with  mercury,  and 
so  arranged  that,  while  the  two  legs  are  respectively  exposed  to  the 
fcqnired  temperatures,  the  corresponding  heights  may  be  exactly  mea- 
•ared  by  a  cathetometer.  The  coefficient  of  expansion  for  each  tem- 
perature may  then  be  calculated  from  (591*3)  by  means  of  the  specific 
gravities  thus  determined. 

Lai  O  aad  C^  represent  the  two  colmnns;  H  mad  (Sp.  Or.)  the  height  and 
ipenlSii  gfavitj  of  C7  at  82*',  and  IT  and  {Sp.  Or.y  the  height  and  specific 
gravUy  of  the  eolamn  C  at  tP,  Then,  by  202,  H{Sp.  Or.)  =  H'  {Sp.  Or.)'.  Let 
JT  rtpreeeat  the  coefficient  of  absolute  expansion  in  mercury,  and  by  591  and 
tf^  we  hav«  {Sp.  Or.)  =  (iSjp.  Or.)'  (1  -\-  Kt.)    Hence  the  valae  of  K,  obtained 

W  —  H 
fcgr  eosibiiiiiig  theee  equations,  is,  JT  = 


Ht 

Iba  Mean  absolnta  expansion  of  merenry  was  by  this  method  found  by  Dulong 

sad  9MU  to  to  totween  82«  and  212o  F.  for  1°  F.,   Jr=  ^^^  =  OOOOIOOI. 

Wi  Bsator   has   been  oorreoted  by  the  later  researches  of  Begnanlt  to 

JTm  t-fMlMMU  for  eaeh  degree  of  Fahrenheit's  scale ;  or,  IT  »  0*00018153  for 

)  Centigrade. 

ef  the  ooeffieient  of  expansion  for  mercury,  with  increase  of 
)  already  alluded  to  (578),  is  shown  in  the  following  table  copied 
In      Asia  OaokaTs  Ctomieal  VhjBlcB,  p.  510.    The  degrees  are  Centigrade. 
a  j^# 
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CDEFFJCIINT  ©F  tXFAK^IOK  fOE  MSte^KY. 


A«tBit  UHitel*ttt  of 
(I   +  U"=' 


O"* 

0 

0-00017M6 

1-0009900 

30 

000017976 

0H)O01805l 

1-9063KI8 

50 

0*00018027 

0  00018152 

I-0090IS& 

70 

0  00018078 

0*00018253 

1.0126M6 

100 

000018153 

000018305 

I-018IU0 

150 

000018279 

000016057 

10274185 

200 

0  00018405 

0-00018909 

1-0366109 

250 

000018531 

000019161 

1-0463275 

300 

0-00018658 

0-00019413 

10559740 

350 

000018784 

0-00019606 

1-0657440 

TitiiB**  ^  i^^ 


The  last  column  of  this  table  shows  the  Yolnme  to  whieh  oiio  onble  ooDtiBttn 
of  mercury  will  expand  when  heated  to  the  tempeimtvret  given  in  Ibe  Irst 
column.  Whenever  the  mean  coeffioient  between  0^  mud  f®  (na  givan  in  ihe 
second  column)  is  known,  the  eorresponding  YOlnma  mmj  be  anlonlntnd  hf  the 
formula  V  =  Vil -{-  Ki);  and,  by  interpolation,  tba  rolnaa  omi  ba  anknlnHd 
for  temperatures  for  which  the  ooeffioient  has  not  bean  detarminad. 

599.  Coneotion  of  the  observed  Iteisht  of  the  bvoiiMtMr  for 

temperature. — As  the  Tolume  and  density  of  meraurj  vary  with  the 
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ice,  the  point  o  being  kept  constantly  beneath  the  mercury  in  c.  It  is 
then  wei;shc«l  aj^aiin,  and  thus  by  deducting  tlic  wcijrlit  of  ibc  empty 
twln»  w«»  hMin  the  wei;5ht  (W)  af  the  mercury  it  coniains  -U*." 

It;!'-".  La>tl,\,  it  i^  expii>ed  to  a  constant  temperature,  t° 
l^j  ♦►t"  -I-'"  F..  ."^ee  lig.  443),  and  the  weiglii  of  the  esrapin^ 
mercury  (id)  ascertained.  The  weight  of  the  merci>ry  wliiih 
*  liJs  the  tube  at  (^  ih  therefore  W —  ir.  From  these  data  the 
coefficient  of  apparent  expansion  is  calcuhited. 
Tb«  volume,  I',  of  a  weight  of  mercury,  represented  by  U'  —  ir 

IV—  H, 

Bi  32°.  !!«  r  =  .    Now  this  weight  of  mercury  at  <°  filled 

(.>  Us:) 
the  «uine  volume  ('.  r.,  the  whole  apparatu?),  not  regarding  the 
•span»iou  of  tbe  glu^s,  whicb  wua  tilled  by  the  weight,  W,  at  '.\2°. 

W 

The  volume  uf  the  weight  H'  —  to  at  <®  is  therefore  P  = . 

(.Nyy.  (Jr.) 

Let    tbe    coefficient  of   apparent    expansion    be    K,  and    then 
V*  =  V{1  T-  A'O;  then  substituting  the  values  of  Kand  T', 

10 

and  redui-ing.  we  bave  A'  =  7-— =  for  common  French 

iV  ~-"  ui)  t 

A  similar  mudc  of  experiment  give?  of  course  the  coefficient 
of  appareut  vxpHni*inn  t'ur  all  other  lii(ui<i.-4.  It  is  also  npplicuble  for  the  deter- 
mioation  of  the  o«>effiHeni  i»f  expuriKion  ot'  nil  sulidn  not  acted  on  bj  mercury, 
■iuoe  it  is  true  (Lat  tiie  ficfficiunt  uf  apparent  expan:<i(>n  for  mercury  is  equal 
to  the  ctKjffiijiont  uf  ab.ii>lu(«  expani<i(in  les«  tbe  coefficient  of  expansion  of  the 
nuUerial  for  tbe  c<intaining  vci-.'^ul  As  tlie  coefficient  of  abiiolute  expansion  for 
mtircary  is  known  witb  the  greatest  accuracy,  it  follows  that,  by  an  application 
of  the  reasoning  in  this  section,  we  hare  the  means  of  determining  the  coefficient 
of  expaosion  in  glass  and  other  solids. 

601.  Amoant  of  expansion  of  liquids. — Liquids  expand  very 
unequally  for  equal  increments  of  heat;  the  law  of  their  expansion 
baa  not  been  fully  tletermined.  Generally  the  most  expansible  liquids 
are  those  whtjKe  boiling  points  are  the  lowest.  Those  whose  boiling 
piiint^  are  high  have  usually  a  small  but  very  regular  expansibility, 
effiecinlly  at  temperatures  much  lielow  their  Ijoiling  points. 

Tiie  rate  of  expansion  in  all  liquids  increases  with  the  temperature, 
bat  it  varies  with  each  substance  according  to  laws  not  well  understood. 

Between  32^  and  212^,  mercury  expands  1  in  55,  water  1  in  21'3, 
sulphuric  acid  I  in  17,  alcohol  1  in  9  -r ,  &c.     See  Table  IV. 

Tbe  statement,  in  the  first  edition  of  this  work,  that  in  many  liquids  of  analo- 
gous chemical  constitution,  tbe  rate  of  expansion  is  nearly  uniform  at  equal 
distances  from  their  respective  boiling  points,  appears,  from  the  observations  of 
PwrrOy  nut  to  be  sustained. 

The  expansibility  of  liquids  is  not  in  proportion  to  their  density,  but 
)  nearly  the  inverse  of  this  than  in  any  other  known  ratio. 
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F  — 


408 


G<)*2.  Expansion  of  liquids  above  their  boiling  points.— Thi 

Into  reseiirclii's  of  0.  Driun  *  show  that  the  coefficient  of  es|wnskm  ii 
li({ui(lM,  uhiivc  thnir  boiling  points,  increases  at  an  aocelersted  ratio,  asd 
(>veii  Hurpusses  the  coefficient  of  expansion  in  gases.  As  long  sineeii 
1835,  Thiloricr,  in  his  memoir  on  liquid  carbonic  acid,  states  that  ihii 
liquid  expnndH  between  O""  and  aO""  C.  (32**  to  86^  F.),  four  times  as  mucfa 
as  iiir  expands  for  the  same  range  of  temperature,  bein;;  ^  iH  forths 
liquid  gai  to  jVt  ^^'  ^i^*  Twenty  volumes  of  liquid  csrbimic  acid, 
between  32^  and  86°  F.,  become  therefore  twenty-nine  volumes. 

Liquid  Kulphunms  acid,  and  cyanogen  present  the  same  apparcot 
anomaly,  aH  well  as  certain  fluids  found  in  the  minute  cavities  of  topai 
nnd  quartz  crystals. 

The  experiments  of  Drion  were  made  on  chlorid  of  ethyl,  sulphiu^ 
OUH  acid,  and  hyponitric  acid. 

Curves  of  expansion  of  liquids. — The  variation  in  the  expansioo 
of  liquids  may  l>e  graphically  represented  as  in  fig.  408.  The  diagram 
shows  the  lines  representing  the 
expansion  of  six  liquids.  In  each 
case  KMX)  parts  of  liquid  are  taken 
at  -2 1*2°  F.  The  horizontal  lines  bq\2 
(nMiliii)]^  from  above  downwards) 
show  the  bulk  of  the  liquid  at  '"* 
temperatures  below  the  boiling  ^ 
|>oint.  These  temperatures  are 
represented  in  degrees  of  Fah-  i44- 
renheit's  scale  on  the  left  hand  ^ 
column,  and  in  Centigrade  de- 
grecs  on  the  ri^ht  hand.  The  line  A  indicates  the  contraction  of  mer 
cury ;  B,  that  of  water;  C,  for  alcohol;  D,  for  wood  spirits;  E,  for 
fiirmic  ether;  F,  for  tcnthlorid  of  silicon;  G,  for  ordinary  ether. 

Thus  at  lOS^*  below  tbc  boiling  point  (at  104°  F.).  1000  part^  wat«r  hart 
contracted  into  9C6  parts;  alcohol  into  931  parts;  and  formic  either  into  918 
parts. 

G03.  The  amount  of  force  exerted  in  the  expansion  of  liqaidi 
is  enormous ;  being  equal  to  the  mechanical  force  required  to  conipreai 
the  expanded  liquid  into  its  primitive  volume. 

Thus  the  expansion  ol'  inorcury  for  10®  F.,  is  "OOIOOSS.  Its  coinpre.«»ibiliiT 
for  a  single  ntinuspbere  in  *0000053.  Therefore  the  amount  of  force  required  !•• 
rcMtcire  the  mercury  to  its  original  bulk,  after  heating  it  10°  F.  is  equal  to  l^ 
atmiHphcre:!  (10085  h-  53  =  100),  or  2860  pounds  prcKsurc  to  a  square  inch. 
Owing  to  tbiri  euormouii  force  exerted  during  expansion,  doped  resseli  filled 
with  liquid,  however  strong  thoy  may  be  mnilc,  bur^t  wbcn  heat  if  applied. 


•  Ann.  de  Ch.  et  de  Phys.  18&9. 
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604.  Xbtpansion  of  water. — ^Water,  which  presents  so  many  re- 
markable exceptions  in  its  physical  history,  does  so  in  no  respect 
more  than  in  the  singular  irregularities  observed  in  its  expansion  for 
equal  increments  of  temperature  between  32®  469 

and  212^.  Its  iotcU  expansion  fur  this  range  is 
by  no  means  large,  while  its  coefficient  of  ex- 
pansion is  found,  by  an  examination  of  Table 
IV.,  to  be  smaller  than  that  of  any  liquid 
except  that  of  mercury.  The  expansion  of 
water,  which  is  irregular  through  the  whole 
range,  from  freezing  to  boiling,  is  especially  so 
between  32®  and  40®  F.  While  all  other  liquids 
are  most  dense  at  their  freezing  points,  the 
maximum  dewtiiy  of  water  occurs  some  degrees 
above  that  point  (39®'2  F.),  and  above  or  below 
this  temperature  it  expands. 

Mazimnm  density  of  water.— To  illustrate, 
by  experiment,  this  signal  exception  in  water  to  the 
ordinary  laws  of  expansion,  a  water  thermometer,  like 
fig.  4*^9,  may  be  used.  The  flask,  holding  about  a 
quart,  is  filled  with  water,  and  the  tube  passing  into 
it  is  secured  water-tight  by  a  brass  cap  or  well-fitting 
cork,  so  that  at  ordinary  temperatures  the  column 
of  water  stands  at  some  convenient  point  on  the 
scale  of  equHl  parts.  It  is  then  set  in  a  cold  room 
(below  freezing),  and  the  loss  of  temperature  indi- 
cated by  the  fall  of  the  column  of  water,  is  more 
accurately  noted  by  a  mercurial  thermometer  seen  in 
the  figure  placed  within  the  flask.  When  that  tem- 
perature reaches  about  42°  F.  (B^*  C.)  the  fall  of  the 
water  column  ceases — it  comes  to  rest  for  a  short 
time,  and  at  .39**  or  thereabouts  (4°  C),  it  is  seen  to  I 
mount  more  and  more  rapidly  as  the  temperature  | 
falls,  until  it  reaches  82**  '.or  even  lower,  if  the  apparatus  is  kept  quite  still). 

If  the  apparatus  is  filled  with  water  near  the  temperature  of  maximum  density, 
and  placed  in  a  warmer  room,  we  have  evidence  of  the  converse,  nnd  not  less  re- 
markable fact,  that  expansion  equally  occurs,  whether  we  heat  or  cool  the  water. 
These  results  are  somewhat  obscured  by  the  expansion  of  the  glass ;  but  for  a 
few  degrees  above  and  below  38**,  the  density  of  water  is  nearly  uniform. 

At  the  moment  of  freezing,  water  expands  about  ten  per  f^ent.  of  its  volume, 
and  the  fact  is  often  evidenced  in  the  apparatus  here  figured,  by  ^yt  d'mu  from 
the  tube  at  the  moment  of  freezing 

Owing  to  the  diflScuUy  of  compensating  'he  errors  involved  in  the  expansion 
of  the  containing  ves:»els,  the  point  of  maximum  flKn^ity  rnnnot  be  Hcttli**!  with 
absolute  accurncy.  Ila!>ffler  assumed  it  at  .1983  F  in  \nn  determination  of  the 
value  of  the  United  States  standards  of  measure,  (iineau  determined  the 
French  unit  of  weight  at  40*'  F.  (4-5  C),  and  Desprct/.,  in  1*«.'{9,  fixed  it  at 
89*''2  or  4^  C.     The  later  researches  of  PlUcker  and   (ieissler  reduced  it  to 
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38°-S4  ;  but  it  i."  ajrrt.o.1  by  physicists  to  ansumo  4°  C  ,  or  39®-2  P.,  ms  npraMBi- 
inp  the  tnu'  iMiiiit  oi' maxiiuum  density  for  water. 

The  ui>])ar:itu>  .^howii  iu  fig.  470,  serves  well  to  illustrate  Uie  effect  of  tUf 
law  in  the  frei/ii);r  of  hike^n  and  rivers.     A  glass  jar,  around  470 

the  (.'oiitral  ])art  of  which  in  fitted  a  metallic  vessel,  c,  is  pro- 
vi<h-d  above  and  below  with  two  delicate  thermometers,  / 1', 
onteriii*;  the  sides  uf  (he  jar  horizontally  by  opening:*  drilled 
for  that  jHirpose.  After  filling  the  jar  with  water,  a  freezing 
mixture  of  ice  and  salt  is  placed  in  c,  which  rapidly  cools  the 
water.  The  two  tlierinometers  continue  to  indicate  nearly  the 
same  temperature  until  the  water  is  cooled  to  39°*2  F.,  when  it 
will  be  observed  that  the  lower  thermometer  remains  at  that 
point,  while  the  upper  one  indicates  a  lower  temperature,  until 
it  finally  reaohe>  X2°  F.,  or  even  lower. 

The  explanation  of  thej<e  phenomena  is,  that  the  water, 
cooled  by  the  free/in;;  mixture,  becomes  more  dense  and  sinks, 
while  other  and  liirhter  portions  rise,  to  be  cooled  and  sink  1 
in  turn.  Thus  a  svstem  of  currents  is  established,  by  which 
the  whole  of  the  water  gradually  reaches  the  temperature  of  39***2.  On  cooling 
below  ihi.s  point,  the  water  expands,  and,  thus  becoming  lighter,  the  colder 
portion  remains  at  the  surface,  and  is  further  cooled  by  the  freezing  mix- 
ture, while  the  water  in  the  lower  part  of  the  vessel,  not  coming  in  contact 
with  the  freezing  mixture,  and  being  no  longer  disturbed  by  currents,  remains 
at  the  tem[>erature  of  IJ9°2. 
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Thm  ▼olnme  of  water,  at  different  temperatures,  has  been  de- 
•Kmined  by  several  experimenters,  and  the  results,  according  to  Kopp, 
ire  giTen  in  Table  XXIV.,  with  the  corresponding  specific  gravities, 
both  when  taken  at  32^,  for  the  anit  of  volume  and  density,  and  also 

III.    XXPANSION  OF  OASSS. 

606.  General  statement. — Gases  and  vapors,  being  under  the 
of  repubion,  and  having  little  cohesion,  expand,  for  equal 
nto  of  heat,  much  more  than  either  solids  or  ordinary  liquids. 
(Oompare  {  602.) 

The  •zpaaiion  of  air,  and  of  all  gases,  may  be  shown  by  plunging  the  open 
wmi.  of  a  bulbed  tube  into  water;  a  slight  elevation  of  temperature,  oven  the 
hasftef  th*  hand,  will  expand  the  air  in  the  bulb,  and  cause  a  part  of  it  to  escape 
la  baliblai  through  the  water.  And  when  the  source  of  heat  is  withdrawn,  the 
rise  sf  ths  water  in  the  tube  indicates  the  amount  of  expansion  (604). 

606.  Gey  lanssao's  laws  for  the  expansion  of  gases  by  heat. — 
Gay  Lotsac  was  the  first  to  discover  the  general  laws  of  the  expansion 
of  gases  by  heat.  The  gases  on  which  he  experimented  were  not  freed 
from  moisture ;  but  the  laws  which  he  deduced  are  remarkable  for  their 
g;reat  simplicity  and  general  accuracy,  considering  the  state  of  experi- 
mental science  at  that  time  (a.  d.  1805).     They  are  as  follows: — 

1st.  AU  gates  have  the  same  coefficient  of  expansion  as  common  air. 

2d.  The  coefficient  of  expansion  remains  the  same,  whatever  may  be  the 
pressure  to  which  the  gas  is  subjected. 

These  laws,  like  the  laws  of  Mariottc  (274),  though  sufficiently  accurate  for 
ordinary  purposes,  are  found,  by  the  more  complete  experiments  of  modem 
•elmce,  to  be  not  strictly  correct. 

607.  Results  of  Regnanlt's  experiments  upon  the  expansion 
off  gasea. — Very  valuable  experiments  were  made  by  Dulong  and 
Petit,  bat  the  most  recent  and  complete  investigation  of  the  expansion 
of  gases  by  heat,  was  conducted  by  Regnault.  In  all  his  experiments, 
the  different  gases  experimented  upon  were  completely  deprived  of 
moistore,  and  the  results  of  his  experiments  are  contained  in  the  fol- 
lofwing  tables : — 

EXPANSION  OF  OASES  BETWEEN  32^  AND  212°  F.  (jaMIN). 


OflMS. 

Under  OonsUDt  Volume. 

Under  CoDstant  Pcsssnre. 

Air 

Nitrogen 

Hydrogen 

Omjd  of  Carbon    .    .    . 
Oarbonio  Acid  .... 
Protozyd  of  Nitrogen    . 
Balphuroiu  Aeid  .    .    . 
Cjwaoguk 

0-3665 
0-3668 
0-3667 
0-3667 
0-3688 
0-3676 
0-3845 
0-3829 

0-3670 
0-3670 
0-3661 
0-3669 
03710 
03719 
0-3903 
0-8877 
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From  this  table  it  appears  that  the  coefficieDts  of  expansion  of  thoM 
gases  which  have  never  been  condensed  to  liquids,  are  very  nearlj  tbs 
same  as  air ;  while  the  coefficients  of  the  condensible  gaa«i,  carUAie 
acid,  sulphun)U8  acid,  and  cyanogen,  are  considerably  greater,  and  ths 
greater  in  proportion  as  they  are  more  readily  oondenivMi  into  li^oidi 
£ach  gas  has  two  coefficients  of  expansion, — the  coefficient  of  expsn- 
sion  fur  a  constant  volume  being  less  than  for  a  constant  pressure,* 
except  in  the  case  of  hydrogen,  in  which  the  reverse  takes  place.  Thii 
agrees  in  a  remarkable  manner  with  the  Act  (276)  that  hydrogen  sloM 
is  less  compressible  than  the  law  of  Mariotte  would  indicate. 

It  is  further  shown,  by  the  experiments  of  Regnanlt,  that: — 

Ist  T/ie  coefficients  of  expaimon  are  very  nearly ^  Inii  noi  abtolmidg, 
the  same  for  different  gases, 

2d.  The  coefficients  of  expansion^  for  different  yases,  tary  morefim 
each  other  in  proportion  as  the  pressure  to  which  they  are  su^fedei  it 
increased, 

3d.  The  coefficients  of  expansion  for  all  gases,  except  hydrogen,  tneretm 
with  the  pressure  to  which  they  are  subjected,  and  this  increase  is  wud 
rapid  in  those  gases  which  deviate  most  from  MarioUe^s  law  (276). 

4th.  For  ordinary  calculations^  under  the  pressure  of  the  atwtospken, 
the  coefficient  of  expansion  for  all  gases  may  be  considered  a*  0*3666 
between  the  freezing  and  boiling  points  of  water,  or  ^^j  of  the  volume  oi 
32°,  for  each  degree  of  Fahrenheit's  scale. 

For  accurate  scientific  purpose!,  the  coefficient  of  expansion  of  er^iy  gas  eoa- 
sidered  must  he  taken  from  the  tables  given  for  that  porpose. 

Table  V.,  Appendix,  gives  the  coefficients  of  expansion  of  eommon  gassi 
under  varying  pressures. 

608.  Formnlas  for  compating  changea  of  ▼Glome  in  gaaea.~Is 

physical  researches  it  is  often  desirable  to  ascertain  the  increase  or 
decrease  in  volume  which  a  given  gas  undergoes  by  measured  diffn^ 
encea  in  temperature.   This  is  easily  done  by  the  following  formulss:— 

Let  V  represent  the  volume  of  the  gas  at  32®  F.,  V  itn  volume  at  the  bigbsr 
temperature,  and  t  the  number  of  degrees  between  32**  and  the  higher  teaspera- 
ture.    The  increase  in  the  volume  will  therefore  be  expressed  bj  V*  —  V,    And 

V 
since  the  increase  in  volume  for  1®  F.  is  generally  ---,  the  increase  for  the 


higher  temperature  »■  7^  X  *• 


V 


Therefore,  F'  -  T-  —  X  «,  and  7'  -  F  (l  +  ^Jj- 

If  the  gas  is  subjected  to  a  lower  temperature,  it  suffers  a  dimUratioB  ia  vt- 
Inme,  expressed  by  V  —  V,  and  if  %  expresses  the  number  of  degrees  below  32* 

*  This  may  be  due  to  the  action  of  cohesion. 
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V 
t*  vfcldi  It  is  ndnoed,  ud  -—  its  dimination  for  1°  F.,  then  the  diminution 

r  r 

ftr  tk«  lower  temperatore  ^"  ^  7^  X  *»  »nd  F—  F'  «  ~  X  *• 


Therefore,  F' 


(-.4)- 


If  the  Tolame  of  a  gas  at  32®  F.  is  known,  its  volume  at  any  other  temper»- 
lue  abore  or  below  32°  may  be  calculated  by  the  following : — 

RULE. 

MtUipijf  the  difference  between  the  number  of  degree*  of  temperahire 
amd  32^,  6jr  ike  coefficient  of  expansion  of  the  gas  {for  ordinary  purposes 
this  eoefficieni  equals  1  divided  by  491).  Add  the  qiiotieni  to  1,  if  the 
temperature  be  above  32°,  and  subtract  it  from  1,  if  it  be  below  32°. 
MmUipily  the  number  thus  found  by  the  volume  of  the  gas  at  32^  and  the 
product  will  be  the  volume  of  the  gas  at  the  observed  temperature, 

609.  Formal»  expreMlng  general  relation  between  volume, 
temperature,  and  pressnre. — The  volume  which  a  gas  occupies  de- 
pends not  only  on  the  temperature,  but  also  upon  the  pressure  to  which 
Ik  is  subjected  (274) ;  the  pressure  of  a  gas  being  iuTersely  as  the 
volame  iqto  which  it  is  compressed. 

Ai  the  Tolnme  of  a  gas  at  the  same  temperature  is  inversely  as  the  pressure, 
If  F  and  F  be  two  volumes  under  the  same  temperature,  and  under  the  pres- 
sures P  and  P' ;  then, 

P 
V:  V  =  P'  :P,   and  F  «=  F  X  p/ 

If  t  and  t*  express  the  number  or  degrees  above  or  below  32°,  at  which 
the  temperature  stands  (-{-  being  used  when  above,  and  —  when  below),  if  a  gas 
be  simultaneously  subjected  to  changes  of  temperature  and  pressure,  the  rela- 
tion between  its  volume,  pressure,  and  temperature,  will  be  expressed  by  the 
general  formula 

F         1  ±Kt         P'        491  Hz «        /*' 
F  ■"  'T±W  '^  P  "°  ~m±7'  ^  T' 

610.  Relation  between  ezpanaibility  and  compressibility. — 
It  has  been  found,  generally,  that  the  most  expansible  liquids  are  the 
most  compressible. 

Solids  expand  less  than  liquids,  and  are  likewise  less  compressible, 
while  liquids  have  a  less  expansibility  and  compressibility  than  gases. 
Among  solids,  the  most  expansible  are  generally  the  most  easily  com- 
pressed. 

The  expansibility  of  a  substance  increases  with  the  temperature,  as 
does  also  its  compressibility. 

611.  Density  of  gases. — The  density  of  gases  and  vapors  is  com- 
pered with  atmospheric  air  as  the  standard,  air  being  called  1,  or  1000. 

89 
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The  method  for  the  detarm motion  of  the  density  of  goeeo  h^  In  pHs* 
ciple,  the  same  q9  for  the  (leDsltj  of  liquids.  The  deterinmattf^nii  mff 
nmde  in  a  g]A»»  t;lob«,  fig,  '205  (|  258),  to  which  an  n^eianil^Ij  itt«d 
stop-eocJt  i»  attitetied.  The  globe  id  Brst  weighed ^  wbeti  filled  with 
drj  and  pure  air^  and  again  after  being  ©xhoasled  of  air  Uj  ininnA  at 
the  air-pump;  the  difference  in  the  two  weights  glTcs  the  weight  uf  nif 
contained  in  the  fla^k.  The  globe  is  then  filled  with  the  porfftotlj  drj 
gas  under  examination)  and  again  weighed  ;  the  weight  found,  \em  tht 
weight  of  the  gh>he,  give  a  the  weight  of  the  gtm.  The  weight  i>f  ihv  gsi, 
divided  bj  the  wtMght  of  the  ifame  bulk  of  air,  gitea  the  spii^cifie  gnbritj, 
or  density  of  the  gas,  as  compared  with  air, 

ExatDfik:  A  gb^a  gl^T^e  held  28*7^  jp^ami  of  iLtEQQ*pb«rie  »lr,  mad  4S'n' 
f^taint  of  curb^uk  ticid.  T1i«  ^{lectQc!  griKvir^  of  tli«  U^tt«r  ii  thvr<»fof*  4S'tl  *¥ 
28'7:i  ^  l'52l>,  or,     2ft7B  :  43  93  ^  1000  :  1-&21J. 

A  mimbi^r  of  corrcQtioQB  inttftt  b«  tnodci  in  ord<^r  to  dbt^n  the  trae  dMlU^ 
ut  Lb  a  gaa  andi^r  crxamlDaticnL  ThuB,  lfa«  bartimelriti  huiglK,  tuii]  Ul«  l»ui|MB<- 
*.  turc  of  the  air  nt  the  timfi  of  weigbiag,  must  be  r«dmood  lo  the  MiMtiilarA  ^ro^ 
tnctrir  bcif^bL,  :^0  inchest,  an  J  the  standiLrd  toiii|)«r»turc»  G2^  F.  Corr^ctifiDt 
Uiujt  al^a  be  madti  for  the  Sim  of  hjf^rof  copic  moiutnrvt  always  adli«ntif  tv  Lbt 
glob(>,  nod  faT  i\w  bnojanf^j  of  tbo  globo  io  the  oAt^ 

Etfgnautt  haa  reduetid  the  nnmbBr  of  aorreciicmi  ordinariljr  nvwievcrfi  ^ 
cauaterpoijing  tba  glab«  in  if  blob  tb«  gas  b  freigUfid  bj  a  loconil  g^qbv  4if  «^a«l 
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«nj  \9  heated  rad-hot  within  a  short  distanoe  of  the  fingers,  whore  a  wire  or 
MXwmt  or  copper  would  become  at  once  too  hot  to  hold. 

The  progren  of  eondacted  heat  in  a  solid  is  easily  shown  by  a  metallic  rod, 
to  whieh  are  stack  by  wax  several  marbles,  at  equal  distances ;  one  end  is  held 
fa  a  laapy  when  the  marbles  drop  off,  one  by  one,  as  the  heat  melts  the  wax ; 
ike  one  nearest  the  lamp  falling  first,  and  so  on.  If  the  rod  is  of  copper,  thoy 
nil  Call  off  Tery  soon  ;  but  if  a  rod  of  lead,  or  platinum,  is  used,  the  heat  is  cou- 
dneted  mnch  more  slowly. 

BoUds  conduct  heat  better  than  liquids,  and  liquids  better  than  gases,  which 
are  the  poorest  conductors  of  all.  The  metals,  as  a  cla^is,  are  good  conductors. 
and  tiieir  oxyds,  as  a  class,  are  bad  ones.  The  more  matter,  then,  is  predion  i 
in  a  given  body  (i.  e.  the  higher  its  density),  the  greater,  as  a  general  rule,  is 
its  conducting  power,  and  rir«  versa. 

614.  Determination  of  the  condnctibility  of  solids. — The  appa- 
ratus of  Ingenhausz,  fig.  471,  may  be  employed  to  determine  the  unequal 
eonductibility  of  solids. 

This  is  a  small  copper  box,  one  side  of  which  is  pierced  with  holes,  in  whioh 
ire  Itted,  by  means  of  corks,  small  cylinders  of  different  substances,  of  the 
same  tise,  eorered  with  wax.     When  the  rosscl  is  471  * 

filled  with  boiling  water  or  hot  sand,  the  wax  will 
be  melted  from  the  rods  in  the  order  uf  their  con- 
dnctibility, viz.,  copper,  iron,  lead,  porcelain. ' 
glass,  wood.  Or  small  bits  of  phosphorus  may 
be  placed  at  equal  distances  upon  tho  rods,  and 
will  be  fired  in  corresponding  succession. 


To  determine  the  relatipe  eonductibility  of 
solids,  the  apparatus  of  Despretz  may  be 
employed,  fig.  472. 

It  IS  a  series  of  prismatic  bars,  a  6,  heated  at  one  end,  a,  by  an  argand  lamp. 
Bach  bar  has  a  series  of  small  cavities,  T,  formed  in  it,  at  equal  distances 
^1  e.  m.  =  -.39  in.)  throughout  its  length,  and  Tilled  with   mercury.     In  each 

472 


of  these  carities  is  placed  a  thermometer,  wliich  indicates  the  progressive  itro- 
pngiHon  of  the  heat  along  the  bar.  Bars  of  various  metals  are  used.  By  heutin;^ 
Chaee  bars  snccessirely  over  a  steady  lamp  flame,  their  relative  eonductibility 
win  W  Indicated  by  the  times  required  for  them  each  to  attain  the  same  tem- 
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615.  Condnotibility  of  metals,  Ao. — Gold  is  m  better  ecodMlar 
of  heat  than  any  other  metal,  or  other  solid.  Its  oonductibilitj  is  ityn- 
seated  by  1000.  The  order  of  the  conductibility  of  other  mettli » 
(according  to  Despretz)  platinum,  copper,  silTer,  iron,  zinc,  tin,  leii 
The  conductibility  of  the  last-named  metal  is  only  179*6. 

The  precifle  rate  of  the  conductihility  of  theae  metals,  sceordin^  to  diflercBla- 
thoriiiee,  may  bo  leen  in  tlie  Appendix,  Table  VII.  a.,  and  in  TnhJv  VII  L.fbov- 
in^;  tbo  condacting  power  of  difforent  material!  used  in  the  c«>Df  truction  of  hooM^ 
im  ubaerved  by  Mr.  Hutchinson.  The  tfubftanoes  are  arranged  in  the  order  in 
which  thoy  most  resist  the  passage  of  heat,  those  sabstances  which  are  ■ost 
valuable  in  construction  in  this  respect  (ris.,  the  warmest)  being  placed  fint 
The  substances  marked  H.  P.  are  the  building-stones  employed  in  the  eoastne> 
tion  uf  the  new  houses  of  parliament. 

016.  Condnotibility  of  orystala. — The  oonductibility  of  homoj^ 
neous  solids,  and  of  crystals  belonging  to  the  monometric  system,  is 
the  same  in  every  direction.     But  in  crystals  of  other  systems,  tb« 

•^30nduotibiIity  varies  in  different  directions,  according  to  the  relstkn 
of  the  direction  to  that  of  the  optic  axis  of  the  crystal. 

Benarmont,  in  his  experiments,  took  thin  plates  ui'  crystals,  some  cut  paxaU 
lo  the  optic  axis,  and  others  at  right  angles  to  iL  In  the  centre  of  each  plats  s 
fcinali  hole  was  drilled  for  the  reception  of  a  silver  wire, 
which  was  heated  by  a  lamp ;  the  surfaces  of  the  crystals 
were  covered  by  a  thin  coating  of  colored  wax.  The  con- 
fluction  of  the  heat  was  obsicrved  by  the  melting  of  the  wax, 
the  luelted  portion  assuming,  with  crystals  of  the  monometric 
fiyxtem,  the  form  of  a  circle,  1,  fig.  473,  and  in  the  otl.cr 
hyntems,  ellipscF  of  different  formn,  2,  fig.  473. 

017.  Conductibility  of  wood. — The  dcpeiidiMtee 
of  the  conduction  of  heat  upon  molecular  arranjre- 
nient  is  shown  as  well  in  organic  structures  ns  in 
crystalline  media.  This  subject  was  investigated  most 
rurefully  by  Dr.  Tyndall,  who  examined  the  conduct- 
ing power  of  various  organic  substances,  especially 
wood. 

lie  found  that  at  all  points  not  situated  iu  the  centre 
of  the  tree,  wood  possesses  three  unequal  axes  of  calorific 
conduction.  The  first  and  principal  axis,  is  parallel  to  the 
tibrcs  of  the  wood;  the  second,  and  intermediate  axis,  is 
perpendicular  to  the  fibres  and  to  the  ligneous  layers,  and 
the  third,  and  least  axis,  is  porpendioular  to  the  fibres,  and 
parallel  to  the  layers.  It  may  be  stated,  as  a  general  law,  that,  tke  artt  rf 
valonfic  conduction  in  tcood  coincide  with  the  axee  of  elneticity,  eoketium,  emi 
J^rmeabilitj,  to  liqnide,  the  grcateH  ttHh  the  Qreafet,  and  the  Iraet  tfitk  tke  !<•< 
ine  heat-conducting  power  of  wood  bears  no  definite  relation  to  its  d*maij. 
otheT'^o  J*"^***,^**'  ^f  ^»»«  "K^^^-t  of  woods,  coDduets  beat  better  tha.  tiy 
•     i^ak  wood,  which  is  very  dense,  conducta  nearly  as  well,  but  iron  wM 
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wlileli  hM  the  gnal  deniity  of  1*426,  it  very  low  in  the  scale  of  oonduction. 
Oreen  woods  condaci  heat  better  than  dry. 

618.  Vibrations  produced  by  oonduotion  of  heat. — When  a 
hot  bar  of  metal,  having  a  narrow  base,  is  supported  on  knife  edges 
of  metal  or  crystal,  or  open  metallic  points,  a  vibratory  motion  of  the 
bar  is  produced,  and  continued  until  the  temperature  of  the  bar  and 
the  supporting  body  become  nearly  the  same.  This  vibration  producen 
a  musical  tone  varying  with  the  nature  of  the  metal  and  the  form  of 
the  bar. 

It  was  formerly  supposed  that  these  vibrations  indicated  that  heat  was  pro- 
dneed  by  molecnlar  vibrations.  But  it  has  been  shown  by  Tyndall  (Phil.  Trans. 
1854)  that  these  vibrations  are  oaused  by  the  want  of  synchronism  in  the  sudden 
expansion  of  the  points  of  support,  as  heat  is  communicated  from  the  metallic  bar. 

Dr.  Page  produced  similar  vibrations  by  employing  a  rocker  having  a  cylin- 
drical surfaee  supported  on  two  narrow  bars,  using  voltaic  electricity  as  a  source 
of  heat.     Am,  Jour.  Sei.  [2]  XX.,  p.  165. 

619.  Condnotibility  of  llqitlds. — Count  Rumford  concluded,  from^ 
his  experiments,  that  liquids  were  absolutely  non-conductors  of  heat, 
but  later  experimenters  have  determined,  that 
liquids  do  conduct  heat,  but  only  to  a  very 
limited  degree.  That  the  conductibility  of  liquids 
for  heat  is  very  slight,  is  shown  by  Rumford's 
apparatus,  fig.  474. 

The  glass  funnel  is  nearly  filled  with  water.  A  ther- 
mometer tube,  with  large  bulb,  is  so  arranged,  that  the 
bulb  is  just  below  the  surface  of  the  water.  The  stem 
passes  through  a  tight  cork,  and  contains  a  few  drops 
of  colored  liquid  at  A,  which  will  move  with  any 
change  in  bulk  of  the  air  contained  in  the  bulb.  A  little 
ether  poured  upon  the  surface  of  the  water  and  ignited, 
does  not  cause  any  movement  in  the  column  of  fluid  (as 
may  be  found  by  pasting  a  line  of  paper  on  the  stem  at 
one  of  the  drops  of  liquid),  which  would  be  the  case  if 
any  sensible  warmth  was  communicated.  The  warmth 
of  a  finger,  touching  the  bulb,  will  at  once  cause  the 
fluid  to  move  by  expanding  the  air  within.  As  the 
walls  of  the  glass  vessel  gradually  become  hot  by  con 
duction,  the  water  will  slowly  rise  in  temperature.  By  \ 
heating  a  vessel  on  the  top,  therefore,  we  should  never 
succeed  in  creating  anything  more  than  a  superficial  elevation  of  temperature  : 
at  a  small  depth  the  water  would  remain  cold.  The  heating  of  liquids  is  eS'ected 
by  means  of  currrnts,  as  will  be  presently  explained  (627). 

620.  Conductibility  of  gaees. — Gases  are  more  imperfect  con- 
ductors of  heat  than  liquids.  It  is  difiScult  to  make  accurate  experi- 
ments upon  this  subject,  from  the  readiness  with  which  currents  are 
formed,  and  which  thus  diffuse  the  heat,  but  we  know  that  gases,  when 
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confined,  arc  almost  non-conductors  of  heat.  Thus,  sabstauces  whielt 
imprison  large  volumes  of  air  within  their  pores,  as  down,  wool, 
feathers,  &c.,  are  very  poor  conductors  of  heat. 

Air.  loaded  with  moisture,  is  rendered  thereby  a  much  better  oon- 
<luctor  of  heat  than  dry  air,  in  the  proportion  of  230  to  80 ;  hence, 
damp  air  t'oels  loliler  to  the  body  than  dry  air  of  the  same  temperature, 
be(^auso  it  conducts  away  the  heat  from  the  body  more  rapidly. 

The  sense  of  oppression  experienced  before  a  thunder  storm  is  due  to 
the  combined  etiect  of  the  heat  and  moisture  of  the  atmosphere. 

62  L.  Relative  conductibility  of  solids,  liqitlds,  and  gases. — 
If  we  touch  a  rod  of  metal  heated  to  120°  F.,  we  shall  be  burned; 
water  at  loo^  will  not  scald,  if  the  hand  is  kept  still,  and  the  heat  is 
gradually  raise^l ;  while  dry  air  at  300°  has  been  endured  without  injury* 

Tho  oven-girls  of  Germany,  clad  in  garments  of  woolon  and  thick  soekt  to 
protect  their  feet,  ent«r  ovons  without  inconvenience,  where  all  kinds  of  culi- 
nary operations  are  going  on,  at  a  temperature  above  300°,  although  the  touch 
of  any  metallic  nrtiolo  while  there  would  severely  bum  them. 

622.  Examples  and  illastrations  of  the  different  oondnctibi- 

lity  of  solids,  are  very  evident  to  common  observation. 
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jofering  is  not  in  itself  a  source  of  warmth,  but  prevents  the  escape 
of  the  lital  heat  from  within. 

Animals  in  warm  climates  are  generally  naked,  or  are  corered  with  coane 
md  thin  fiire,  which  in  eold  countrieB  are  fine,  close,  and  thick,  and  are  almost 
yifect  non-condootors  of  heat.  The  plumage  of  birds  is  likewise  formed  of 
sabftanc«s  which  are  poor  conductors  of  heat,  containing  also  a  large  quantity 
»f  air  in  their  interstices.  Besides  this  protection,  the  birds  of  cold  regions  are 
yroTidad  with  a  more  delicate  structure  beneath  the  feathers,  called  down,  which 
Interoepfcs  the  heat  still  more  perfectly.  The  fossil  elephant  of  the  White  River, 
in  Siberia,  was  corered  with  three  sorts  of  hair,  of  different  lengths,  the  shortest 
being  a  fine,  olose  wool,  next  the  body,  a  protection  against  the  arctic  cold.  The 
aretie  navigator  and  the  Esquimaux  endure  the  cold  of  — 40*^,  or  — fiO*',  F.  with 
tlM  aid  of  fur  bags  and  clothes.  Animals  with  warm  blood,  which  lire  in  the 
water,  as  the  whale  uid  seal,  are  surrounded  with  a  thick  covering  of  oil  and 
firt,  which  acts  in  a  manner  similar  to  the  furs  and  feathers  of  land  animals. 

The  bark  of  trees  is  much  more  porous  than  the  wood,  and,  being  arranged  in 
plates  and  fibres  around  the  body  of  the  tree,  prevents  such  a  loss  of  heat  as 
would  be  injurious  to  its  life. 

624.  The  condnoting  power  of  sabstances  in  a  pnlverlBed  or 
flbrons  state,  is  less  than  that  of  the  same  thing  in  a  compact  mass, 
partly  because  the  continuity  of  the  substances  is  diminished,  and  also 
because  of  the  air  imprisoned  among  the  particles. 

8aw-dust  in  a  loose  state,  is  a  very  poor  conductor  of  heat,  much  poorer 
than  the  wood  of  which  it  was  formed.  Ice-bonses  are  built  with  double  walls, 
between  which  dry  straw,  shavings,  or  saw-dust  are  placed,  keeping  the  interior 
eo4 1  by  excluding  the  heat.  Ice  wrapped  in  flannel  is  preserved  by  excluding 
the  warm  air.  Refrigerators  are  generally  double-walled  boxes,  the  space 
teiween  the  walls  being  filled  with  powdered  charcoal,  or  some  other  porous 
ion- conducting  substance.  (See  Ventilation.)  Similarly  constructed  vessels 
form  the  ordinary  water-coolers. 

8now  is  made  up  of  crystalline  particles,  enclosing  a  large  quantity  of  air 
among  their  interstices,  which,  being  a  very  good  non-conductor,  prevents  the 
•Mnpa  of  the  heat  from  the  earth  and,  limits  the  penetration  of  frost,  which 
always  reaches  a  much  greater  depth  in.  winters  without  snow,  than  when  snow 
abounds.  On  the  flanks  of  Mount  iEtna,  the  winter  snows  often  reach  near  to 
tho  border  of  the  fertile  regions,  and  it  is  the  practice  of  the  mountaineers  to 
ooTor  those  parts  of  the  snow  which  they  wish  to  preserve  for  summer  use,  with 
two  or  three  feet  thickness  of  volcanic  sand  and  powdered  pumice,  everywhere 
abonnding.  The  snow,  thus  protected,  remains  all  summer  under  an  almost 
tropieal  tun,  and  is  distributed  ft-om  these  natural  ice-houses  over  the  whole 
Itlaad  of  Sicily.  There  exists  even  to  this  day  a  heavy  bed  of  ice  near  the 
lammit  of  JStna,  covered  first  by  an  eruption  of  ashes  and  sand  several  yards 
Ihieky  and  subsequently  by  a  flow  of  molten  lava,  many  centuries  since.  This 
itora  of  iee  has  been  opened  and  used  when  the  supply  below  on  the  mountain 
Ml  short.  Straw-matting,  and  other  fibrous  materiids,  being  poor  conductors, 
■la  osod  to  envelop  tender  plants  and  trees  to  protect  them  from  severe  cold. 

625.  Clothing. — ^The  object  of  clothing,  in  cold  climates,  like  tb 
•ad  foathera  of  animals,  h  to  prevent  the  escape  of  heat  from  tlic 
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body.  Fibroua  materials,  as  wool  and  fun,  are  beel  adapted  for  dotL- 
ing,  because  they  are  Uiemselves  yery  poor  conducfeora  of  beatt  tnd 
likewise  contain  air  in  their  interstices. 

The  order  of  the  condnctibility  of  the  different  mbstanees  used  for  elothis^ 
Is  as  follows : — linen,  cotton,  silk,  wool,  tan.  Henoe  a  woolen  garmcBt  ii 
warmer  than  one  of  cotton,  or  silk,  or  linen.  The  linen  iheets  of  a  bed  feel  oolte 
than  the  woolen  blankets,  because  they  are  better  conductors  of  heat  Fine  dothi 
are  warmer  than  coarse  ones,  because  they  are  poorer  eonduetors  of  heat  la 
summer,  coarse  linen  goods  are  used,  because  they  allow  the  escape  of  heat  (torn 
the  body  more  readily  than  other  materials,  while  a  dress  of  ftne,  close  woolca 
goods,  is  a  better  protection  Arom  the  cold  of  winter  than  anything  else, 
excepting  furs.  A  thick  dress  of  non-conducting  material  is  sometimes  ustd 
to  exclude  heat,  as  when  workmen  enter  a  hot  furnace  in  oertain  manufiMtariBg 
processes. 

II.    CONTECTION. 

626.  Convection. — Although  liquids  and  gases  are  yery  poor  eon- 
duetors of  heat,  yet  they  admit  of  being  rapidly  heated  by  a  proce« 
of  circulation  called  convection,  and  which  depends  upon  the  free 
mobility  of  their  particles.  The  particles  of  liquids  and  gases  in 
immediate  contact  with  the  source  of  heat,  becoming  warm,  and  also 
specifically  lighter,  rise,  and,  moving  away,  make  room  for  others ;  this 
is  coDtinued  until  all  the  particles  attain  the  same  temperature.  Cu^ 
rents  are  thus  produced  both  in  water  and  air. 

627.  Convection  in  liqitlda. — ^The  circulation  just  mentioned  msj 
bo  rendered  visible  by  heating  in  a  flask,  water  containing  a  little  bran 

475  or  amber  (or  other  substance  of  about  the  same  density 

as  water),  over  a  spirit  lamp,  as  shown  in  fig.  475. 

The  particles  of  liquid  at  the  bottom  of  the  vessel, 
where  the  heat  is  applied,  becoming  heated,  rise,  and 
other  particles  of  colder  liquid  oome  in  below,  and 
supply  their  place.  Thus  two  systems  of  currents  are 
formed.  In  the  centre  of  the  jar,  currents  of  tbe  bot 
particles  ascend,  and  descending  currents  of  colder 
particles,  flow  down  the  sides ;  this  circulation  ooo* 
tinues  until  the  whole  mass  has  attained  the  same 
temperature. 

Anything  that  checks  this  free  circulation,  and  occasions  viscidity,  impedes 
the  heating  of  tbe  liquid,  and  likewise  prevents  its  rapid  cooling. 

Starch  and  gum,  during  boiling,  require  to  be  constantly  stirred,  for  the  pur- 
pose  of  presenting  fresh  surfaces  to  the  action  of  the  heat,  and  preventing  por- 
tions from  adhering  to  the  hot  bottom,  and  thus  being  charred. 

628.  Currenta  in  tlie  ocean. — In  consequence  of  the  unequal  hett 
to  which  the  waters  of  the  ocean  in  diffemnt  parts  are  snbjeoted,  ciu^ 
rents  of  great  constancy  and  regularity  are  formed.    Under  the  tfO|»fli^ 
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file  wmten  Income  highly  heated  aad  flow  off  on  either  side  towards  the 
polee,  while  other  colder  carreots  flow  from  the  poles  towards  the  equa- 
tor. These  currents  are  modifled  in  their  direction  by  the  form  and 
diatribotion  of  land  and  water  on  the  surface  of  the  earth,  and  the 
rotetion  of  the  earth  upon  its  axis. 

On«  of  these  earrents  (ealled  for  that  reason  the  Qulf  Stream)  is  directed 
hto  the  Oalf  of  Mezieo,  around  the  western  end  of  Cuba,  uid  sweeping  through 
it^  pasaes  bj  the  narrow  ohaonel  between  Florida  and  the  Bahama  Islands.  It 
has  a  temperature  8^  or  10^  F.  higher  than  that  of  the  surrounding  ocean. 
Tikis  current  passes  northward,  parallel  to  the  coast  of  the  United  States, 
gradoallj  widening  and  becoming  less  marked,  and  finally  is  directed  toward 
the  firosen  ocean  and  British  Islands.  It  carries  away  the  excess  of  heat  from 
the  Antilles,  and  warm  regions  near  the  equator,  beyond  the  western  Atlantic, 
aaMliorating  the  climate  of  the  British  Islands  and  all  north-western  Europe. 

The  researches  of  the  U.  S.  Coast  Surrey  have  greatly  extended  our  know- 
Isdg*  of  this  remarkable  rirer  of  the  ocean  (or  rather  union  of  many  rivers  of 
warm  water),  first  brought  to  the  notice  of  the  scientific  world  by  the  illustrious 
Ffanklin  in  1770. 

III.    RADIATION. 

629.  Radiation  of  heat. — Hot  bodies  radiate  heat  equally  in  all 
directions.  Radiant  heat  proceeds  in  straight  lines,  diverging  in  every 
direction  from  the  points  where  it  emanates.  These  diverging  lines 
are  called  thermal  raya,  or  Tieai  rays.  Heat  rays  continue  to  issue  from 
a  hot  body,  through  the  whole  process  of  its' cooling,  until  it  sinks  to  the 
actoal  temperature  of  the  air,  or  surrounding  medium.  It  is  generally 
by  radiation,  that  bodies  become  heated  at  a  distance  from  the  source 
of  heat. 

Standing  before  a  fire,  or  in  the  sun's  light,  we  feel  the  genial  influ- 
ence of  the  heat  radiated  from  these  sources.  A  candle,  or  gas  light, 
gives  off  its  heat  as  it  does  its  light,  in  all  directions.  A  thermometer, 
placed  at  equal  distances  around  the  flame,  indicates  the  same  tempera- 
tore. 

630.  Radiant  heat  la  bat  partially  absorbed  by  the  media 
through  ^rhioh  it  paaaea,  and  is  not  sensibly  affected  by  any  motion 
of  the  media,  as  of  winds  in  air. 

The  son's  rays  lose  about  one-fourth  (0*277)  of  their  heat  in  passing 
through  the  atmosphere,  the  remainder  being  absorbed  or  reflected  at 
the  sarface  of  the  earth.  The  air  receives,  however,  the  greater  part 
of  its  warmth  by  reflection,  conduction,  and  convection,  from  the  sur- 
face of  the  earth  thus  heated  by  the  sun. 

We  receive  warmth  from  the  fire  upon  our  persons,  although  the  air 
remains  oold,  and  may  be  continually  renewed. 

The  oondnotion  of  heat  is  probably  internal  radiation  from  particle  te 
psrtiflle;   for  the  material  atoms  of  which  any  substance  consists,  are  not 
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■uppofled  to  be  in  abtolato  oontaety  although  held  nei 

attraction. 


eaeh  other  bj  a  itmi 


631.  Intensity  of  radiant  heat. — ^The  intenaitj  of  nuiimntlMitii 
according  to  the  following  laws : — 

Ist.  It  is  proportional  to  the  temperaiure  of  ike  mmree. 

2d.  It  is  inversely  iu  the  square  of  the  distance /ram  the  scstrot. 

3d.  It  is  greater  in  proportion  as  the  rays  are  emiUed  in  a  direetm 
more  nearly  perpendicular  to  the  radiating  surface. 

iBi.  If  a  thennomecer  be  exposed  at  the  same  diatanoe  from  different  wktm 
of  heaty  having,  for  example,  the  temperatnrei  of  100°,  150®,  and  200*,  tk 
amount  of  radiant  heat  will  be  directly  as  thete  nnmbera. 

2d.  Thus,  the  heating  effeot  of  a  body  at  a  distance  of  two  feet  is  only  om- 
fourth,  at  three  feet,  one-ninth,  and  at  fonr  feet,  one-sixteenth  of  what  it  ii  at 
one  foot. 

This  law  may  be  exemplified  by  supposing  two  globes,  one  of  one  foot  disas- 
ter, the  other  of  two  feet  diameter,  baring  a  body  equally  heated  in  both.  Ths 
larger  globe  exposes  four  times  as  much  surface  as  the  smaller  one;  eosis- 
quently,  each  square  inch  of  the  larger  one  will  receire  only  one-fourth  u 
much  heat  as  each  square  inch  of  the  smaller  one,  while  the  distance  to  tUi 
surface  is  only  twice  as  great 

8d.  This  law  may  be  demonstrated  by  the  apparatus,  fig.  476.  In  the  foeu 
of  the  mirror,  a  thermosoope,  /,  is  placed.    A  A,  B  B,  are  screens,  pierced  witb 
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equal  openings.  The  vessel,  a  c,  is  filled  with  hot  water.  The  position  of  th« 
index  of  the  thermoscope  will  be  the  same,  whether  a  e  is  perpendicular,  tr 
more  or  less  inclined.  And,  as  in  the  latter  case,  there  is  a  greater  surfsee  ex- 
posed, and  consequently  a  greater  number  of  heat-rays  pass  through  the  scncs; 
yet,  as  the  same  effect  is  produced,  the  oblique  rays  must  be  less  intense  thao 
the  perpendicular  rays,  the  intensity  diminishing  with  their  obliquity. 

632.  Law  of  cooling  by  radiation. — Newton  supposed  that  tlM 
rapidity  of  cooling  of  a  body  was  proportional  to  the  difference  between 
its  temperature  and  that  of  the  surrounding  medium.  This  law  is  oo^ 
rect  only  for  those  bodies  differing  in  temperature  not  more  than  15° <v 
20^  C.  (59**  to  68**  F.) 

Dulong  and  Petit  made  elaborate  investigations  upon  this  snljoe^ 
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and  determined  that  where  the  heated  body  was  placed  in  Tacao  at 
temperatares  ascending  according  to  the  terms  of  an  arithmetic  pro- 
gression, the  rapidity  of  cooling  increased  according  to  the  terms  of  a 
geometric  progression,  diminished,  however,  by  a  constant  quantity, 
this  constant  being  the  heat  radiated  back  upon  the  cooling  body  ironi 
the  walls  of  the  confining  vessel.  If  the  temperature  of  the  vessel, 
and  that  of  the  heated  body,  were  both  raised  according  to  the  terms  of 
an  arithmetic  progression,  so  that  the  difference  between  the  two  was 
always  constant,  the  rate  of  cooling  increased  according  toHhe  terms 
of  a  geometric  progression. 

Radiation  is  found  to  take  place  more  freely  in  vacuo  than  in  air. 

633.  UniTersal  radiation  of  heat. — Heat  is  radiated  from  all 
bodies,  at  all  times,  whether  their  temperature  be  the  same  as,  or 
different  from,  that  of  surrounding  bodies ;  for  it  is  the  tendency  of 
heat  to  place  itself  in  equilibrium. 

In  an  apartment  where  all  the  articles  are  of  the  same  temperature,  each  re- 
oeivea  as  much  heat  as  it  radiates,  and,  consequently,  thoir  temperature  remains 
stationary.  Where  some  bodies  are  warmer  than  others,  the  warmer  radiate 
more  than  they  receive,  until  finally  all  attain  the  same  temperature.  Hence 
all  bodies,  however  cold,  will  warm  bodies  colder  than  themselves ;  thus,  frozen 
mercury,  placed  in  a  cavity  of  ice,  ^ifill  be  melted  by  the  heat  received  from 
the  ice. 

634.  Apparent  radiation  of  cold  takes  place  when  two  parabohv 
mirrors  are  placed  opposite  to  each  other,  having  a  delicate  thermome- 
ter in  the  focus  of  one,  and  a  mass  of  ice  suspended  in  that  of  the 
other.  The  temperature  of  the  thermometer  will  be  seen  to  fall,  appar 
rently  by  the  radiation  of  cold  from  the  ice.  The  true  explanation  is, 
that  the  thermometer  is  warmer  than  the  ice,  and  radiating  mure  heat 
than  it  receives,  thus  loses  heat,  and  the  temperature  falls.  If  the  ther- 
mometer had  been  at  a  loW^r  temperature  than  the  ice,  the  phenomenon 
would  have  been  reversed. 

The  following  remarkable  instance  of  the  apparent  fooalization  of  cold,  \ 
explained  in  a  similar  manner.     The   experiment   is   due   to   the  Florentint 
Academician  Porta  in  the  sixteenth  century.     If  a  parabolic  mirror  is  place 
with  its  axis  pointing  towards  the  sun,  the  heat-rays  will  bo  reflected  to  tb 
focus  of  the  mirror.     But  if  the  mirror  be  turned  so  as  to  face  the  clear  bin 
sky,  its  focus  becomes  a  focus  of  cold,  and  a  delicate  thermometer  placed  at  thk 
point  will  sink,  in  clear  weather,  a  few  degrees  in  the  day  time,  and  as  mud 
as  17°  F.  at  night.     This  phenomenon  is  thus  accounted  for: — the  thermometer 
is  constantly  radiating  heat  in  all  directions;  the  mirror,  being  a  paraboloid, 
reflects  to  its  foens  only  those  rays  that  come  in  a  direction  parallel  to  its  axis. 
In  that  direction  no  rays  come,  for  there  is  no  source  to  reflect  them,  conse- 
quently the  temperature  of  the  thermometer  falls.     If  a  cloud  passes  over  the 
axis  of  the  mirror,  the  thermometer  instantly  rises  to  its  usual  height 
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2  5.  Action  of  different  Bodies  npon  Heat 

I.    SURFACE  ACTION. 

6.3.').  Reflection  of  heat. — Conjugate  mizroxa. — Radiant  haX, 
like  light,  is  reflected  at  the  same  angle  at  which  it  falb  upon  anj  n- 
fleeting  surface.  This  law  in  respect  to  light  has  been  fully  illostntcd 
in  the  chapter  on  that  subject. 

If  a  piece  of  bright  tin-plate  ig  held  in  sueh  a  position  as  to  reflect  the  light 
of  a  clear  fire  into  the  faoe,  the  fensation  of  heat  will  be  felt  the  moment  tte 
light  is  seen. 

Conjugate  mirror: — The  reflection  of  heat  may  be  Bhown  in  a  still  men 
striking  manner  by  the  apparatae  called  the  ooigugate  mirrors,  fig.  477,  coa- 
sisting  of  two  similar  parabolic  mirrors, 
arranged  exactly  opposite  to  each  other, 
at  a  distance  of  ten  or  twelre  feet  In 
the  focus  of  one  mirror  is  placed  a  heated 
body,  as  a  mass  of  red-hot  iron,  and  in 
the  other  a  portion  of  an  inflammable 
sabstanoe,  as  ganpowder  or  phosphorus. 
Certain  of  the  heat-rays  pass  directly 
from  A  to  B ;  the  greater  part,  however, 
reach  B,  by  being  twice  reflected.  The 
rays  emitted  from  A  are  reflected  by  the 
mirror,  M,  in  a  direction  parallel  to  its  j 
own  axis ;  these  rays  are  received  by  the  ' 
second  mirror,  M,  and,  by  reflection,  are 
conveyed  to  the  focus  B,  igniting  the  gunpowder  or  phosphorus  placed  at  that 
point 

The  reflection  of  heat  in  vacuo,  takes  place  according  to  the  mum 
laws  as  in  air. 

636.  Determination  of  reflective  power. — Different  bodies  poe- 
sess  very  difi'erent  powers  of  re- 
flection.   This  is  well  illustrated 
by  the   apparatus,  fig.  478,  de- 
signed by  Leslie. 

The  source  of  heat  is  a  cubical 
tin  canister,  M,  filled  with  boiling 
water.  A  plate,  a,  of  the  substance 
whose  reflective  power  is  to  be  de- 
termined, is  placed  between  the  mir- 
ror and  its  focus.  The  rays  of  heat 
emitted  from  M,  which  are  directed 
upon  the  mirror  N,  are  reflected 
upon  the  plate  a,  and  from  this, 
upon  the  bulb  of  the  thermoscope,  placed  at  the  point  where  the  rsyi  ait 
brought  to  a  focus.  The  temperature  indicated  by  the  thermoscope  is  fomdtl 
yary  with  the  nature  of  the  plates. 

The  causes  which  modify  the  refl.«otiT«  power  of  bodies  will  be  giraa  1 
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637.  AbsorptiTe  power, — ^Different  bodies  possess  very  different 
powers  of  absorbing  the  heat  thrown  upon  them.  The  absorptive 
power  of  a  body  is  always  in  the  inverse  ratio  of  its  reflective  power ; 
that  is,  the  best  reflectors  are  the  worst  absorbents,  and  vice  versa. 

The  absorptive  power  of  bodies  may  be  determined  bj  a  modi6cation  of  the 
apparatas,  fig.  478.  At  the  focus  of  the  mirror^  N,  is  placed  the  bulb  of  a  ther- 
moscope,  which  is  successively  covered  with  different  substances,  as  with  lamp- 
black, Indian  ink,  gam  lac,  metallic  leaf,  Ac.  Leslie  has  been  the  principal 
experimenter  in  this  department  of  heat.  A  smoke-blackened  surface,  and  a 
■orfaoe  covered  with  carbonate  of  lead,  absorb  nearly  all  the  radiant  heat  thrown 
upon  them ;  glass,  -f^  ;  polished  cast  iron,  -f^^Q  ;  tin,  y>g*^  ;  silver,  j}^.  Table 
no.  VIIL,  Appendix,  gives  the  results  obtained  by  Messrs.  de  la  Provostaye 
and  Desains. 

All  black  and  dull  surfaces  absorb  heat  very  rapidly  when  exposed  to  its 
aetion,  and  part  with  it  again  slowly  by  secondary  radiation.  The  different 
powers  of  absorption,  possessed  by  the  different  colors,  may  be  illustrated  by 
repeating  Franklin's  experiment  Pieces  of  the  same  kind  of  cloth,  of  different 
eolors,  were  placed  upon  the  snow ;  the  black  cloth  absorbed  the  most  heat,  so 
that  after  a  time  it  sunk  into  the  melted  snow  beneath  it,  while  the  white  cloth 
produeed  but  little  effect ;  the  other  colored  cloths  produced  intermediate  effects. 
Banged  according  to  their  absorbent  powers,  we  have,  1.  Black  (warmest  of 
all) ;  2.  Violet ;  3.  Indigo ;  4.  Blue ;  5.  Green ;  6,  Red ;  7.  Yellow ;  and  8.  White 
(coldest  of  all). 

638.  BmiBsive  or  radiating  power. — The  earliest,  and  some  of  the 
most  valuable,  observations  upon  this  subject,  were  published  by  Sir 
John  Leslie,  in  his  Essay  on  Heat,  in  1804.  Leslie  proved  that  the 
rate  of  cooling  of  a  hot  body  is  more  influenced  by  the  state  of  its 
surface,  than  the  nature  of  its  substance.  It  also  varies  greatly  with 
different  substances,  as  may  be  seen  in  the  table  below. 

Leslie  employed  in  his  experiments  the  apparatus,  fig.  478.  A  bulb  of  a 
tbermoscope  was  placed  in  the  focus  of  the  mirror,  the  other  bulb  being  pro- 
tected from  the  radiant  heat  by  a  screen.  The  cubical  vessel  containing  boiling 
water,  has  its  lateral  faces  covered  with  different  substances,  which  are  succes- 
sively turned  toward  the  mirror. 

The  table  below  gives  the  results  as  obtained  by  Leslie.  Lampblack,  pos- 
sessing the  greatest  emissive  power,  is  called  100. 


Lampblack     .     . 
Water  (by  calc'n) 
Writing  paper    . 
Sealing  wax 
Crown  glass  .    . 


100 

100 

98 

95 

90 


Indian  ink 

Ice 85  ,  Mercury 


88  ;  Polished  lead 


Minium 
Plumbago    .     . 
Tarnished  lead 


80 
75 
45 


Polished  iron  ...  15 
silver,  tin, 
copper,  gold,  12 


Messrs.  De  la  Provostaye  and  Desains,  and  also  Melloni,  have  obtained  results 
differing  somewhat  from  those  of  Leslie.  See  Table  VL,  Appendix.  Melloni 
found  that  the  radiant  and  absorbent  powers  of  surfaces  were  not  always  pro- 
portional, as  Uie  following  table  shows : — 


I  liiDglau.  I  Lac.  I  MeUllio  SortaeeTl 

52       52  I  14  I 

\   «i  \n\      VI      \ 


LampbUiok. 

Absorptive  power  .     100 
Radiant  power       .     100 

40 


Carbonate  of  Lead. 

53 
100 


China  Ink.  |  liioglau.  |  Lac. 

96 
85 
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Mellc  ji  has  also  foond  that  the  abaorbent  power  of  mrfbeei  Tiried  < 
ably,  accurding  to  the  fource  of  the  radiation,  and  tho  temperature  nt  Hi 
radiant  body.     (See  Table  IX.) 

TTrom  Meiloni'fl  experiments  may  be  drawn  the  following  conclniioni  ^>- 

1.  That  bodies  agree  very  nearly,  bat  not  exactly,  in  their  emitting  mi 
ybsorbunt  powers. 

2.  That  their  absorbent  power  yaries  rery  remarkably  with  the  origin  »i 
intensity  of  the  calorific  rays. 

3.  That  they  approach  each  other  more  and  more  in  their  power  of  emittiBg 
and  absorbing  rays  of  heat,  when  the  temperature  approaches  that  of  boiling 
water :  and  that,  when  at  exactly  that  temperatnre,  the  emitting  and  absoibeit 
powers  coincide. 

639.  Catues  which  modify  the  emissive,  absorbent,  and 
reflective  powers  of  bodies. — N?t  only  do  different  bodies  powMS 
the  powers  of  reflection,  absorption,  and  emission  in  different  degrees, 
but  the  physical  condition  of  the  material  affects  them  in  an  important 
manner.  So  also  the  obliquity  of  the  incident  rajs,  the  source  of  hesk, 
and  the  thickness  of  the  superficial  layer,  exercise  great  influence. 

The  absorbent  and  emissive  powers  of  metallic  plates  are  diminished  if  they 
are  hammered  or  polished.  The  opposite  effect  is  produced  if  the  plates  aie 
scratched  or  roughened.  This  is  doubtless  owing  to  the  change  in  density  whi^ 
the  superficial  layers  of  the  plates  undergo  by  these  operations.  For  the  sane 
reason,  tbo  reflective  power  of  a  substance  is  generally  increased  by  polishing 
or  hammering,  and  diminished  by  roughening  or  scratching  it;  which  latter 
also  causes  a  portion  of  the  heat  to  be  irregularly  reflected.  That  this  is  the 
true  explanation  is  probable  fVom  the  fact,  that  if  such  materials  as  iToiy  or 
coal  are  taken,  whose  density  will  not  be  changed  by  roughening  or  polishing, 
the  reflective  and  absorbent  powers  remain  the  same. 

The  tbickucsd  of  the  superficial  layer  has  an  influence  on  the  reflective  power 
of  biMlies.  Leslie  covered  a  mirror  with  successive  coatings  of  varnish ;  the 
reflection  diminished  as  the  number  of  layers  increased,  until  their  thickness 
amounted  to  twenty-five  thousandths  of  a  millimetre,  when  it  remained  con- 
stant. While  a  vessel  covered  with  layers  of  varnish  or  jelly  had  its  emissive 
power  increased  with  the  number  of  layers,  until  they  reached  sixteen  (with  a 
thickness  of  0*034  m.  m.),  when  it  remained  constant,  even  upon  the  addidoB 
of  other  layers.  The  absorbent  power  of  substances  varies  with  the  nature 
of  the  source  of  heat.  Thus  a  substance  covered  with  white  lead,  absorbs 
nearly  all  tbo  thermal  rays  from  copper,  heated  to  212°  F. ;  56  of  those  fnm 
incandescent  platinum ;  and  63  of  those  from  an  oil  lamp.  Lampblack  is  tbs 
only  substance  which  absorbs  all  the  thermal  rays,  whatever  be  the  souee  of 
bent.     Tbis  subject  has  been  ably  treated  by  Prof.  A.  D.  Bache.* 

The  ttbsorpVvo  power  varies  with  the  inclination  of  the  incident  rays;  tin 
smaller  the  «ngle  of  incidence  the  greater  is  the  absorption.  This  is  one  of  the 
reasons  why  tbo  sun  heats  the  earth  more  in  summer  and  less  in  winter. 

The  reflective  power  of  glass  increases  with  the  angle  of  incidence,  bnt  «itk 
metallic  surfaces  the  proportion  of  heat  reflected  diminishes  with  the  angle  of 
incidence,  and  is  the  same  as  the  proportion  of  light  reflected,  ^  407. 

040.  Applications  of  the  powers  of  reflection,   abeorptioii, 
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ind  radiation  are  often  made  in  the  economical  use  of  hent.  We 
riiall  refer  only  to  the  more  familiar  examples. 

Meat-roagten  and  Datoh-ovens  are  confltracted  of  bright  tin,  to  direct  the 
iMat  from  the  Are  upon  the  artiole  cooking. 

Hoar  frost  remains  longer  in  the  presence  of  the  morning  son  upon  light- 
solored  objects  than  upon  the  dark  soil,  because  the  latter  absorbs  much  of  the 
heat,  while  the  former,  reflecting  it,  remain  too  cold  to  thaw  the  frost.  Water  is 
ilowly  heated  in  bright  metallic  vessels,  as  in  a  silver  cup  or  a  clean  bright 
kettle,  because  they  are  poor  absorbents,  but  if  the  sides  and  bottom  of  the 
▼CMels  become  covered  with  soot,  the  water  is  heated  quickly. 

To  keep  a  liquid  warm  it  should  be  contained  in  a  vessel  composed  of  a  poor 
radiating  material.  Hence  if  tea  and  coffee  pots,  Ac,  are  made  of  polished 
BMtal,  they  retain  the  heat  much  longer  than  those  which  have  a  dull  surface  or 
are  composed  of  earthenware. 

Stoves  of  polished  sheet-iron  radiate  less  heat,  but  keep  hot  longer  than  those 
made  of  cast-iron  with  a  rough  and  dull  surface. 

Pipes  conveying  steam  should  bo  kept  bright  or  thoroughly  covered  with  felt 
or  eloth  ontil  they  reach  the  apartments  to  be  warmed,  and  there  their  surfaces 
should  be  blackened  in  order  to  favor  the  process  of  radiation. 

II.     DIATUERMANCr. 

641.  TranamiBsion  of  radiant  heat. — Light  passes  through  all 
transparent  bodies  from  whatever  source  it  may  come.  The  rays  of 
heat  from  the  sun  also,  like  the  ray^  of  light  from  the  same  luminary, 
pass  through  transparent  substances  with  little  change  or  loss.  Radiant 
beat,  however,  from  terrestrial  sources,  whether  luminous  or  not,  is  in 
a  great  measure  arrested  by  many  transparent  substances  as  well  as  by 
tboee  which  are  opaque. 

The  glass  of  our  windows  remains  cold,  while  the  heat  of  the  sun,  passing 
through  it,  warms  the  room.  A  plate  of  glass  held  before  the  fire  stops  a  large 
part  of  the  heat,  although  the  light  is  not  sensibly  diminished. 

Melloni  terms  those  bodies  which  transmit  heat  dialhermanouSy  or 
diathermic  (from  the  Greek,  did,  thougli,  and  dtpfiaivto,  to  heat) ;  those 
bodies  which  do  not  allow  this  transmission  of  heat  are  termed  aiher- 
manoutt  or  adiaihermanic  (from  cUphat  privative,  and  Oep/iatvut), 

It  appears  that  many  substances  are  eminently  diathermanous,  which 
are  almost  opaque  to  light ;  smoky  quartz  for  example. 

Prevost  of  Geneva,  and  De  la  Roche,  in  France,  in  1811  and 
1812,  discovered  many  of  the  phenomena  of  diathermanous  bodies,  but 
it  18  from  the  beautiful  resenrclics  of  Melloni,  in  1832 — 1848,  that  our 
knowledge  upon  this  subject  has  been  chiefly  derived.  Melloni,  called 
by  De  la  Rive  "  the  Newton  of  heat,"  died  of  cholera  at  Naples,  in 
August,  1854. 

642.  Melloni's  apparatus. — The  apparatus  used  by  Melloni  in  his 
researches  upon  the  transmission  of  heat,  is  represented  in  all  its 

atial  details  in  fig.  479. 
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At  one  end  of  the  graduated  metallic  bar,  L  L,  ia  placed  the  tlMrme-maHi|B^ 
m,  and  in  connection  with  it,  by  fine  wires,  A  B,  the  anaatatic  galraiiomitai^ 
{  905,  D.  Upon  the  stand,  a,  is  placed  the  source  of  heat ;  in  this  caae  a  Lo» 
telli  lamp  :  F  is  a  double  screen  to  prevent  the  radiation  of  the  heat  from  Ai 
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source,  and  is  lowered  at  the  moment  of  observation  :  ^  is  a  perforated  aenn 
which  allows  only  a  certain  quantity  of  rays  to  pass  through  it  and  to  fall  npon 
C,  which  represents  the  substance  whose  diathermancy  is  to  be  determined. 

In  experimenting,  the  source  of  heat  is  placed  at  such  a  distance,  that  wbn 
F  is  removed,  the  heat  directed  upon  m,  will  cause  the  needle  of  the  galvano- 
motor  to  move  through  30°.  The  screen,  F,  is  then  raised,  and  the  plate,  C,  to 
be  experimented  upon,  is  placed  upon  the  stand.  When  the  needle  of  the  gsl* 
vanometer,  D,  has  returned  to  0°  (its  normal  position),  the  screen.  F,  is  remoT«i 
The  proportion  of  beat  transmitted  through  the  plate,  C,  is  then  indicated  by 
the  arc  of  vibration  of  the  needle,  over  the  dial  plate  of  D.  The  constractiw 
of  the  galvanometer  and  thermo-multiplier  is  more  particularly  described  ia  tht 
chapter  on  thermo-electricity. 

643.  Influence  of  the  substance  of  screens. — In  experimentiog 
with  liquids,  they  were  placed  in  glass  cells.  The  stratum  of  liquid 
was  9*21  m.m.  (*362  in.)  in  tliickness.  The  source  of  heat  used  was 
an  argand  oil  lamp. 

The  independence  of  transparency  and  diathermancy  was  clesrij 
shown  in  those  researches,  for  it  was  found  that  the  hisulphid  of 
carbon  transmitted  three  times  as  many  heat-rays  as  ether,  four  times 
as  many  as  alcohol,  and  more  than  five  times  as  many  as  wmtsr, 
although  these  liquids  are  equally  transparent  and  colorless.  Table  X 
gives  the  diathermancy  of  different  liquids. 

It  is  found  that  those  solids  which  are  transparent  to  light  do  not 
necessarily  allow  the  passage  of  heat,  and  vice  versa,  Thns  Bal(^itt9 
of  copper  transmits  the  blue  rays  of  light,  but  entirely  arrests  the  njt 
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of  heat.  Ag»in,  Uaek  mica,  smoked  rock-salt,  and  opaque  black  glass, 
tvmnsmit  a  considerable  portion  of  the  heat-rays,  but  prevent  the 
passmge  of  light. 

Rock-ealt  is  the  only  substance  that  permits  an  equal  amount  of  heat 
from  all  sources  to  pass  through  it.  Melloni  experimented  with  plates 
of  this  aabstance  of  a  thickness  varying  from  one-twelfth  of  an  inch  to 
two  or  three  inches,  and  in  all  cases  92*3  of  100  rays  incident  upon 
them  were  transmitted.  The  loss  of  7*7  per  cent,  being  due  to  a 
uniform  quantity  which  is  reflected  at  the  two  surfaces  of  the  plate. 
Bock«alt  is,  therefore,  to  heat,  what  clear  glass  is  to  light,  and  well 
deserves  the  name  which  Melloni  gave  it,  of  ihe  glass  of  heat 

The  diathermanio  power  of  different  solids  for  different  sources  of  heat 
may  be  found  in  detail  in  Table  XIII. 

644.  Inflaence  of  the  material  and  nature  of  the  source. — The 
quantity  of  heat  transmitted  through  different  solids  of  the  same  thick- 
ness is  yery  variable.  The  nature  of  the  source  of  heat  exercises  a 
great  influence  on  ihe  diathermanio  power  of  bodies.  Melloni,  in  his 
experiments,  used  four  sources  of  heat,  viz. :  1.  The  naked  flame  of  a 
lamp ;  2.  Incandescent  platinum ;  3.  Copper  heated  to  700^  F. ;  and, 
4.  Copper  heated  to  212^  F. 

645.  Other  causes  which  modify  the  diathermanio  power  of 
bodies  are  the  degree  of  polish,  the  thickness  and  number  of  the 
screens,  and  also  the  nature  of  the  screens  through  which  the  heat  has 
been  previously  transmitted. 

The  qnantity  of  heat  which  a  diathermanio  body  transmits,  increases  with  the 
degree  of  polish  of  its  surface.  The  diathermanio  power  of  a  body  diminishes  with 
its  thieknesfl,  although  according  to  a  less  rapid  rate.  Thus  with  four  plates  whose 
thickness  was  as  the  numbers  1,  2,  3,  4 ;  of  1000  rays,  the  quantity  absorbed  by 
•sch  was,  respeotirely,  619,  577,  668,  649 :  so  that  beyond  a  certain  thickness 
of  the  body,  the  quantity  of  heat  it  can  transmit  remains  nearly  constant  Rock- 
salt  is  the  only  exception  to  this  law ;  it  always  allows  the  same  quantity  of  heat 
to  paw  through  it,  at  least  for  thicknesses  between  2  and  40  m.  m.  (-0787  and 
1-576  in.) 

The  increase  of  the  number  of  screens  produces  an  effect  similar  to 
an  increase  of  thickness.  If  many  plates  of  the  same  kind  are  placed 
together,  they  absorb  more  heat  than  one  plate  having  the  combined 
thickness  of  several,  owing  to  the  numerous  surfaces. 

The  thermal  rays  which  hare  passed  through  one  or  more  diathermanio  bodies, 
are  so  modified,  that  they  pass  with  more  facility  through  other  diathermanio 
bodies  than  direct  rays  do.  Thus  the  heat  from  an  argand  lamp,  where  the 
flame  is  surrounded  with  a  glass  chimney,  differs  much  in  its  transmissibility 
from  the  heat  of  a  Locatelli  lamp,  where  the  flame  is  free  and  open.  Thus  in 
Baking  use  of  ad  argand  lamp  surrounded  with  a  glass  chimney,  and  a  Looa- 
IsUi  lamp  which  is  not  thus  protected,  Melloni  obtained  tho  following  results. 
40» 
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TABLE  OF  HEAT  TRANSMITTED  FROM  DIFFERENT  SOURCES. 


Of  100  ray*. 

ArsandUmp. 

LocateUilM|i 

Rock-salt  transmitted 

Iceland  spar    ** 

Quartz  (limpid)  blackened,  transmitted 

Sulphate  of  lime                           ** 

Alum                                              " 

92 
62 
57 
20 
12 

92 
S9 
34 

19 
7 

046.  Thermochrosy,  or  hecU-coiorcUion  (Oepfio^,  heat,  and  j^/mjm, 
culor). — Ab  Newton  has  shown  that  a  pencil  of  white  light  is  compweil 
of  different  colored  rays,  which  are  unequally  absorbed  and  transmitted 
by  different  media,  and  which  may  be  combined  together  or  isoltted, 
BO  Melloni  argues  from  his  results,  that  there  are  different  species  of 
« calorific  rays  emitted  simultaneously  in  variable  proportions  by  Um 
different  sources  of  heat,  and  possessing  the  property  of  being  tniu- 
mitted  more  or  less  easily  through  screens  of  various  substances. 

If  a  pencil  of  solar  light  falls  successively  upon  two  plates  of  colored  gltst, 
one  rod  and  the  other  bluish-green,  it  will  be  wholly  absorbed,  the  second  pUta 
absorbing  all  the  rays  transmitted  by  the  first.  This  is  precisely  analogooi  to 
what  may  happen  with  a  thermal  pencil,  its  entire  absorption  being  caused  bj 
passing  it  through  two  media  successively,  each  of  which  absorbs  the  rari 
transmitted  by  the  other.  Viewed  in  this  manner,  it  may  be  said  that  rock-dilt 
is  colorless  asi  respects  heat,  while  alum,  ice,  and  sugar-candy,  ai^  almost  blsck. 
It  is  a  fact  of  common  observation,  that  snow  melts  more  quickly  nnder  tiT«i 
and  bushes  than  in  those  spots  which  receive  the  direct  rajs  of  the  sun.  This 
is  proved  by  Molloni  to  be  owing  to  the  fact,  that  the  rays  emitted  by  the  heah^ 
branches  are  of  a  different  nature  from  the  direct  rays  of  the  sun,  and  more 
easily  absorbed  by  snow  than  the  latter. 

647.  Applications  of  the  diathermancy  of  bodies. — The  air  is 

undoubtedly  very  diathermanic,  or  else  the  upper  layers  would  be  heated 
by  the  solar  rays  passing  through  them,  while  we  know  that  they  are 
only  slightly  heated  by  this  means. 

In  certain  processes  of  the  arts,  workmen  protect  their  faces  bj  ft 
glafts  mask,  which  allows  the  passage  of  the  light  but  arrests  the  best 

In  certain  physical  experiments,  where  heat  is  to  be  avoided,  the 
light  is  first  passed  through  a  solution  or  plate  of  alum,  whereby  tbe 
heat  is  arrested.  On  the  contrary,  if  the  heat  is  directed  upon  rock-ealt 
covered  with  lampblack,  the  light  is  arrested  but  the  heat  passes  throng 
but  slightly  diminished. 

648.  Refraction  of  heat. — Heat,  like  light,  is  refracted,  or  bent 
out  of  its  course,  in  passing  obliquely  through  diathermanio  bodies,  at 
is  shown  by  the  burning-glass.    A  double  convex  lens,  fig.  480,  ood* 
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eentrates   the  rays  of  heat  from   the  sun,  or  other  heated  body,  m 

the    same   maDner  as   it  concentrates  the  rays  of  light.     It  is  only 

"with   a  lens  of  rock-salt,  that  the  rays  4^0 

of  all  our  sources  of  heat  can  be  con. 

deased,  for  a  lens  of  glass  concentrates  =^- 

only  the  solar  rays,  and  become^  itself  . 

hemted  by  artificial  heat.  ^i. 

A  lens  of  tr«  was  made  in  England  in . 
1763,  haTtng  a  diameter  of  3  metres  (118*112 
in.),  at  whose  focos  gunpowder,  paper,  and ' 
oiImt  eombniiiblea  were  inflamed.  Boming- 
glasaea  hare  generally  more  power  than  mirrors  of  equal  diameter.  Both  pro- 
Am  their  more  intense  effects  on  high  mountains  after  a  fall  of  snow,  for  then 
the  air  is  fkee  from  moisture,  and  the  solar  rays  lose  less  of  their  intensity  in 
^euiog  through  it 

649.  Polarisation  of  heat. — Heat  is  polarized  in  the  same  manner 
M  light.  It  undergoes  double  refraction  by  Iceland  spar,  and  the  two 
beams  are  polariied  in  planes  at  right  angles  to  each  other.  A  pencil 
of  heat,  polariied  by  a  plate  of  tourmaline,  or  by  a  NicoPs  prism,  is 
transmitted  or  intercepted  by  another  tourmaline  plate  or  Nicol's 
pitsm,  in  the  same  circumstances  that  a  pencil  of  polarized  light 
would  be  transmitted  or  intercepted. 

Heat  also  suffers  a  rotation  of  its  plane  of  polarization,  by  plates  of  right  or 
left-handed  quarts,  in  the  same  direction,  and  to  the  same  extent  as  light  of  the 
same  refrangibility.  Polarization  of  heat  is  also  effected  by  reflection  from 
plates  of  glass,  or  by  repealed  refraction,  also  by  reflection  from  the  atmosphere, 
in  which  points  of  no  polarization  and  of  maximum  polarization  exist  cor- 
responding with  similar  points  in  regard  to  polarized  light  The  phenomena 
of  magnetic  rotary  polarization  of  heat  bare  also  been  observed. 

Prof.  Forbes  of  Edinburgh  first  demonstrated  the  polarization  of  heat. 
Knoblauch  has  obtained  distinct  evidence  of  the  difi'raction  and  inter- 
ference of  the  rays  of  heat. 

{  6.  Calorimetry. 

650.  Calorimetry. — The  amount  of  heat  required  to  produce  a  given 
temperature  varies  greatly  for  the  different  bodies  to  which  it  is  applied. 
Calorimetry  (from  calor,  heat,  and  fierpov,  measure)  is  the  measure- 
ment of  the  quantity  of  heat  which  different  bodies  absorb  or  emit 
daring  a  known  change  of  temperature,  or  when  they  change  their 
state.  Water  absorbs  or  emits  a  much  greater  quantity  of  heat  during 
a  change  of  temperature  than  the  same  weight  of  any  other  substance. 
It  is  therefore  selected  as  the  standard  of  comparison. 

Unit  of  Heat. — The  quantity  of  heat  which  is  required  to  raise 
a  pound  of  pare  water  from  32°  to  33°  F.,  is  reckoned  as  the  unit  of 
hmt,  or  tJkermal  unit,  both  in  this  country  and  in  England- 
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In  France,  and  in  Europe  generally,  the  thermal  anit  is  the  qofntitj 
of  heat  necessary  ta  raise  one  kilogramme  (2-20486  lbs.)  of  water  frns 
0**  to  1**  C. 

651.  Specifio  heat. — If  eqoal  weights  of  water  and  mwoory  at  thi 
same  temperatare  be  placed  over  the  same  soaroe  of  heat,  it  will  be 
found,  that  the  mercury  becomes  he%ted  much  more  quickly  than  thi 
water.  That  when  the  water  is  heated  10^  the  mercury  will  bau 
become  heated  330° ;  the  capacity  of  water  for  heat  is,  therefore,  33 
times  as  great  as  that  of  mercury.  Each  substance  in  this  regard  hu 
its  own  capacity  for  heat.  This  relation  is  called  calorie  eapadJbf,  or 
more  commonly,  specific  heat.  Table  XI.  contains  the  specific  heats  of 
certain  solids  and  liquids  as  determined  by  Regnault. 

Three  methods  have  been  devised  for  determining  the  spedfic  hctt 
of  bodies :  these  are,  1st,  the  method  of  mixture ;  2d,  by  the  melting  of 
ice ;  3d,  by  cooling. 

Method  of  Mixture. — This  method  is  exceedingly  simple  in  theoiy, 
and,  with  suitable  care,  exact  in  its  results. 

In  determining  the  specific  heat  of  solids  bj  this  method,  a  weighed  mass  of 
each  substance  is  heated  to  the  proper  degree,  and  is  then  plangcd  into  a  mea- 
sure of  water  of  known  temperature  and  weight.  The  elevation  of  temperature 
produced  in  each  case  is  carefully  noted. 

If  a  pint  of  water  at  150°  be  mixed  quickly  with  a  pint  at  bO^  F..  the  two 
measures  of  water  will  have  a  temperatare  of  100®,  or  the  arithmetical  mean  of 
the  two  temperatures  before  mixture.  If,  however,  a  measure  of  merenrj  at  b9^ 
be  mingled  with  an  equal  measure  of  water  at  IdO**,  the  temperatare  of  the 
mixture  will  be  118^.  The  mercury  has  gained  68®  while  the  water  has  lost 
32®.  Hence  it  is  inferred,  that  the  same  quantity  of  heat  will  raise  the  tempera- 
tare of  mercury  through  twice  as  many  degrees  as  that  of  an  equal  volume  of 
water,  and  that  the  specific  heat  of  water  is  to  that  of  mercury  aa  1  :  0*-47  vheo 
compared  by  measure. 

If,  however,  equal  weights  of  these  bodies  be  taken,  the  resulting  temperature 
is  then  still  more  in  contrast.  A  pound  of  mercury  at  40®,  mixed  with  a  pound 
of  water  at  156®,  produces  a  mixture  whos^  temperatare  is  152®  S.  The  water 
loses  3®-7,  while  the  mercury  gains  I12®*d,  and  therefore,  taking  the  speciis 
heat  of  water  as  1,  that  of  the  mercury  will  be  0*033,  since, 

ll2®-3  :  3®-7  =  1  :  X  =  (0-033.) 

Method  by  Fusion  of  Ice. — This  method  is  founded  on  the  quan- 
tity of  ice  melted  by  different  bodies  in  cooling  through  the  same  number 
of  degrees. 

Laroisier  and  Laplaoe  contrived  the  apparatus,  fig.  481,  used  for  this  purposs, 
and  called  a  calorimeter.  It  consists  of  three  vessels  made  of  sheet  tin  or 
copper.  In  the  interior  vessel,  e,  pierced  with  holes  and  closed  by  a  doaUt 
cover,  is  placed  the  substance  whose  specific  heat  is  to  be  determined.  Thii  if 
entirely  surrounded  by  ice  contained  in  the  second  veasel,  (,  and  also  oa  tk« 
cover.  In  order  to  out  ofl*  the  heat  of  the  sarrounding  air,  the  exterior  vessel,  a, 
is  also  filled  with  ice.    The  water  from  the  ice  melted  in  this  outer  vessel,  ] 
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off  V/  the  itop-ooek,  r.  The  hod  j  in  the  interior  Tessel,  eooling,  melts  the  toe 
■vrronnding  il^  and  the  water  firom  it  flows  off  throogh  the  stop-cook,  9,  and  ia 
weighed.  481 

The  speeifle  heat  of  different  snhstances  is  determined 
in  this  apparatus  hj  the  comparative  weights  of  the 
water  prodaoed  daring  the  experiments;  in  which  a 
eerukin  weight  of  each  bodj  cools  from  an  agreed 
temperature,  «.  g,  (212®  F,),  to  32®,  the  constant  tem- 
perature of  the  vessel  C. 

The  specific  heat  of  a  liquid  is  determined  by  placing 
it  in  a  vessel,  as  of  glass,  whose  specific  heat  is  known. 
The  amount  of  ice  melted  bj  the  liquid,  is  the  whole 
quantity  of  water  produced,  minus  that  which  would 
be  melted  bj  the  glass  alone. 

This  method,  though  excellent  in  principle,  is  subject 
to  manj  inaccuracies,  and  is  now  seldom  employedL      ^ 

The  method  of  oooling  is  {banded  on  the  different  rates  of  cooling 
of  equal  masses  of  different  substances ;  those  having  the  greatest  specific 
heat  cooling  most  slowly. 

The  application  of  this  method  is  also  attended  with  so  many  sources 
of  error  that  it  is  seldom  employed,  and  need  not  be  described. 

apecifio  heat  affected  by  change  of  state. — A  body  in  the  liquid 
state  has  a  greater  specific  beat  than  when  it  is  in  the  solid  form,  as  might  be 
concluded  from  the  fact  that  the  addition  of  heat  is  necessary  to  conrert  the 
solid  into  a  liquid. 

Thus  ice  has  a  specific  heat  of  0*505,  water  being  1*000 ;  sulphur  solid,  0*2026, 
fluid,  0-2340,*  phosphorus,  between  45®  and  —6®,  01 887,  at  212°,  0*2045,  Ac. 

The  high  specific  heat  of  water  moderates  Tery  greatly  the  rapidity 
of  natural  transitions  from  heat  to  cold  and  from  cold  to  heat,  owing  to 
the  large  quantity  of  heat  emitted  or  absorbed  by  the  ocean,  and  other 
bodies  of  water,  in  accommodating  themselves  to  variations  in  external 
temperature. 

652.  Specific  heat  of  gaaea. — If  a  unit  of  weight  of  any  gas, 
allowed  to  expand  freely  without  change  of  pressure,  is  heated  from 
the  freezing  point  one  degree,  the  amount  of  heat  thus  absorbed,  mea- 
sured in  fractions  of  the  unit,  is  called  the  specific  heat  under  constant 
pressure.  If  the  same  gas  is  heated  one  degree,  when  so  confined  that 
its  volume  cannot  be  increased,  the  amount  of  heat  required  to  produce 
the  change  of  temperature  is  called  the  specific  heat  under  a  constant 
volume. 

When  the  heat  required  to  raise  the  temperature  of  equal  volumes 
of  different  gases  one  degree,  is  determined,  the  results  obtained  are 
called  specific  heat  by  volume.  In  these  determinations  the  unit  of 
volume  is  the  volume  of  a  unit  of  weight  of  air  when  the  barometrM: 
pressure  is  30  inches. 
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The  determination  of  the  tpeeifte  heat  of  gtmta  If  •  proUeoi  iaTobii  fti 
the  greatest  practical  difficulties,  and  anthoritiet  racy  somewhat  in  the  nmlm 
obtained. 

The  most  Taluable  researches  in  regard  to  the  specific  heat  of  g»m 
hate  been  made  by  Regnault  He  has  established  the  following  ntj 
important  preliminary  principles : — 

First.  The  specific  heat  of  gases  is  sensibly  the  same  ai  att  tew^pen- 
iures. 

Second.  The  amount  of  heat  required  to  raise  the  iemperahat  of  fl 
given  weight  of  any  gas  one  degree  does  not  vary  with  the  pressun  I0 
which  it  is  subjected,  and  hence  the  specific  heat  of  gases  is  the  sawufir 
aU  densities, 

Regnaolt  experimented  on  air  and  other  gases  under  pressures  Taried  ttvm 
one  to  ten  atmospheres,  and  found  no  sensible  difference  in  the  quantity  <tf  hsst 
which  the  same  weight  of  a  gas  lost  under  these  different  pressures  in  eooIiBf 
the  same  number  of  degrees.  Nevertheless  he  thinks  it  possible  that  slight  dif- 
ferences may  exist 

Table  XI.  c.  gires  the  specific  heats  of  different  gases  and  rapors  as  dntnrwimi 
by  Regnault  The  specific  heat  by  weight  being  determined  under  a  consUst 
pressure,  the  gas  being  allowed  to  expand  freely. 

The  specific  beats  by  volume  given  in  the  table  were  obtained  by  multiplTins 
the  specific  beat  by  weight,  by  the  specific  gravity  of  the  several  gases  sitd 
vapors,  as  compared  with  air  taken  as  unity. 

653.  Specific  heat  of  gases  under  a  constant  volame. — It  a 

well  known  that  the  temperature  of  a  confined  mass  of  air  can  be 
raised  sufficiently  high  to  ignite  tinder  by  mechanical  condensation, 
{  739,  and  it  seems  reasonable  to  suppose  that  the  same  amount  of  best 
is  expended  in  producing  an  equal  degree  of  expansion  when  a'  gas  u 
heated. 

It  has  been  stated  (608)  that  gases  expand  ^^j  part  of  their  volume  forss 
elevation  of  temperature  of  1°  F.  Let  t  represent  the  small  increase  of  tempe- 
rature which  a  mass  of  gas  undergoes  when  compressed  ^  j  j  of  its  volume,  ind 
if  S  represent  the  specific  heat  of  the  gas  under  a  constant  pressure,  and  S*  tb« 
specific  heat  under  a  constant  volume,  wo  shall  have  for  the  specific  heat  nsdcr 

S 

a  constant  volume : —  iS*  = • 

1  +' 
It  is  obvious  that  if  the  value  of  t  could  be  determined  by  condensing  a  {Sii 
and  observing  the  increase  of  temperature  the  value  of  S\  the  specific  heat 
under  a  constant  volume  could  be  readily  calculated.  The  unavoidaUe  losi  of 
heat  absorbed  by  the  walls  of  the  containing  vessel,  when  a  gas  is  compreeied. 
has  rendered  it  hitherto  impossible  to  obtain  accurate  values  of  (  by  this  aeChod, 
and  similar  difficulties  have  attended  the  determination  of  the  specifie  heat  mdcr 
a  constant  volume  by  other  direct  methods. 

The  principles  of  acoustics  have  happily  furnished  an  indirect  method 
of  determining  the  specific  heat  of  ^ases  under  a  constant  TolanM  iritk 
{reat  accuracy. 
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^peolflo  heat  detarmined  by  the  la^s  of  aoonstics.— By  con 
f&deriog  the  oonditiona  of  an  elastic  fluid  during  the  transmission  of  a 
■onoroas  wave,  Newton  obtained  the  following  formula  for  the  yelo- 

aity  of  sound  in  any  gas :  r=  ^g,  _. 

In  this  formula  V  is  the  Telocity  of  sound,  g  the  force  of  gravity,  H 
the  height  of  the  barometer,  and  d  the  density  of  the  gas  referred  to 
mereary  as  unity.  This  formula  gives  for  the  velocity  of  sound  in  dry 
•tr  at  32^  F.,  when  the  barometer  stands  at  30  inches,  F=  883  feet, 
which  b  less  than  the  true  velocity  of  sound  (1086  feet,  {  344)  by  more 
than  one-sixth  of  the  whole. 

Laplaoe  discovered  that  this  error  resulted  from  the  effect  of  heat 
developed  and.  absorbed  by  alternate  compression  and  rarefaction  of 
the  air  in  the  transmission  of  sonorous  waves,  and  he  showed  that  the 
fonnala  for  the  velocity  of  sound,  taking  into  account  this  effect  of  heat, 

ihoald  be,      V  =  ^jg.^.  _,  in  which  /S  represents  the  specific  heat 

of  the  gas  under  a  constant  pressure,  and  S^  the  specific  heat  under  a 

oonstant  volume. 

gHS 
From  this  formula  we  obtain,  by  transposition,  S^  =  •=5-^-,  from  which 

we  readily  obtain  the  value  of  the  specific  heat  of  a  gas  under  a  con- 
•tant  volume,  when  the  velocity  of  sound  in  the  medium,  and  the  other 
constant  quantities,  are  known. 

By  this  method  Dulong  has  obtained  for  the  specific  heat  of  gases, 
under  a  constant  volume,  the  values  given  in  the  following  table ;  but 
tiie  results  obtidned  are  regarded  only  as  approximations : — 


SPECIFIC  HEAT  OF  EQUAL  VOLUMES.* 


lof  Oftt. 


Ahr, 

Oxygen,  .  .  . 
Hydrogen,  .  . 
Oxyd  of  carbon, 
Carbonic  acid,  . 
Olefiant  gas,  .    . 


Under  Constant  Under  Con^tAot 
pressure.  volnme. 


Difference 


1+t 


0-2377 
0-2412 
0-2366 
0-2399 
0-3308 
03572 


0-1678t 

0-1705 

0-1675 

01681 

0-2472 

0-2880 


006991 

00707 

0-0681 

0-0718 

00836 

0-0692 


l-4l7t 

1-415 

1-407 

1-428 

1-338 

1-240 


Comparing  these  results  in  the  case  of  air,  we  see  that  when  air  is  heated 
in  a  situation  where  it  is  free  to  expand,  only  about  f  of  the  heat  applied 
it  expended  in  producing  elevation  of  temperature — as  in  heating  a 

*  Cooke's  Chemical  Physics. 

f  Corrected  acoordiog  to  the  most  recent  experVmeiaU. 


452  PHYSIOS  OF  IMPONDSBABLE   AGENTS 

room— while  about  f  of  the  heat  is  expended  in  prodooing  exptnm 
of  the  air,  to  be  jgiven  out  again  as  the  room  oooU. 
Dulong  has  deduced  from  his  experiments  the  following  eoodo' 

lions : — 

1.  Equal  volwnes  of  aU  gases,  measured  cU  the  same  temperahare  sad 
pressure,  set  free  or  absorb  the  same  quatUily  of  heal  when  thejf  are  com' 
pressed  or  expanded  the  same  fractiotial  part  of  their  volume. 

If  all  gases  had  the  same  specific  heat,  the  same  change  of  Toloma 
would  be  attended  by  the  same  change  of  temperature.  But  this  if 
the  case  only  with  oxygen,  hydrogen,  and  nitrogen.  The  specific  heats 
of  compound  gases  differ  considerably  from  each  other,  and  change  of 
volume  causes  less  change  of  temperature  in  proportion  as  the  specifie 
heat  of  the  gas  is  greater. 

2.  The  variations  of  temperature  which  result,  are  in  the  inverse  nOo 
of  the  specific  heats  under  a  constant  volume. 

Whether  these  laws  are  the  exact  expressions  of  the  truth,  or  onlj 
approximately  correct,  remains  to  be  determined  by  further  iuTestigi' 
tion. 

654.  Relation  between  the  apeoifio  heat  and  atomic  weight  of 
elements  and  compounds. — Dulong  and  Petit,  from  their  researebei 
upon  the  elemeotfl,  were  led  to  conclude,  that  the  ultimate  atoms  of  til 
elements  possessed  the  same  capacity  for  heat,  and  they  accordingly 
•innounced  the  law,  that: — 

The  specific  heat  of  elementary  substances  is  in  inverse  ratio  to  their 
atomic  weights. 

Thifl  law  appears  to  be  true  for  most  of  the  element«,  as  will  be  kmd  by 
examining  Table  XI.  of  Atomic  Weights  and  Specific  Heats.  It  will  be  bo* 
ticed,  that  the  one  increases  in  almost  the  exact  proportion  in  which  the  otbir 
diminishes,  and  that  by  multiplying  them  together,  a  Tory  nearly  constant  pro* 
duct  is  obtained.  Some  elements,  as  those  given  in  the  lower  part  of  the  tabbb 
give  a  product  (C  \  p)  double  of  the  others.  So  that  equivalent  weighti of 
those  would  contain  twice  as  much  heat  as  equivalent  weights  of  those  fiat 
given. 

The  relation  between  the  specific  heat  and  atomic  weight  of  compounds  ii 
expressed  by  Regnault  in  the  following  law : — 

In  all  compound  bodies  containing  the  same  number  of  aioms^  cad^ 
similar  chemical  constitution,  the  specific  heals  are  in  inverse  ratio  to 
their  atomic  weights, 

I  7.  Liquefaction  and  Solidification. 

655.  Latent  heat. — During  the  conversion  of  a  solid  into  a  liquid, 
or  of  a  liquid  into  a  gas  or  vapor,  a  certain  quantity  of  heat  is  absorbed 
or  disappears.  As  the  thermometer  and  the  senses  give  no  eridenM 
of  the  existence  of  this  heat,  it  is  called  latent  heat. 

Let  a  pound  of  ice  and  a  v^un^  ot  ^«Xax>  «aA^  «^>>SoA\jiiiu9«ci9aas%«C  Sl?a  bs 
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•xpoMd  to  (Im  Mme  fonroe  of  heat  in  precisely  similar  vessels;  it  will  be 
foandy  At  the  moment  when  oil  the  ice  is  melted,  that  the  water  into  which  it  ik 
eoDTertod  has  still  the  temperature  of  32° ;  while  the  temperature  of  the  other 
pound  of  water  has  risen  from  32^  to  174^.  As  both  have  received  the  same 
amount  of  beat,  it  follows,  that  the  142°  which  have  disappeared,  have  been  used 
in  eonverting  the  ice  into  water,  and  have  become  latent  or  insentfible. 

If  a  pound  of  water  at  212°  be  mixed  with  a  pound  of  powdered  ice  at  32°, 
when  the  ice  is  melted  the  two  pounds  will  have  the  temperature  of  only  52° ; 
the  ice  gains  only  20°,  while  the  water  loses  160°.  Here  a<^ain  142°  have  dis- 
appeared or  have  become  latent 

656.  Liqaeiaotion  and  oongelation  are  always  gradual,  owing 
to  the  absorption  or  evolution  of  heat  during  these  processes. 

If  this  was  not  so,  water  at  32°  would  immediately  become  ice,  upon  losing 
the  smallest  additional  portion  of  its  heat,  and  on  the  other  hand,  ico  would 
•addenly  pass  from  the  solid  to  the  liquid  state  by  the  smallest  addition  of  heat. 

This  fact,  coapled  with  the  law  of  irregular  expansion  of  water,  will  explain 
why  ice  never  acquires  any  very  great  thickness.  The  high  specific  beat  of 
water  acts  to  moderate  the  natural  changes  of  temperatures. 

657.  Freezing  mixtures. — Solids  cannot  pass  into  the  liquid  state 
without  absorbing  and  rendering  latent,  a  certain  amount  of  heat.  If 
the  heat  necessary  for  the  liquefaction  is  not  supplied  from  some  external 
source,  the  body  liquefying  will  absorb  its  own  sensible  heat.  A  know- 
ledge of  this  fact  enables  us  at  pleasure,  in  the  hottest  seasons  and 
climates,  to  produce  extreme  degrees  of  cold. 

The  so-called yr^eain^r  mixtures  are  compounds  of  two  or  more  sub- 
stances, one  of  which  is  a  solid.  These,  when  mixed  together,  enter 
into  combination  and  liquefy.  The  operation  should  be  so  conducted, 
that  no  heat  can  be  absorbed  from  external  sources,  and  hence,  as  the 
substances  liquefy,  a  depression  of  temperature  results  proportional  to 
the  heat  rendered  latent.     (See  Table XII.) 

The  most  convenient  freezing  mixture  is  salt  1  part,  and  ice  or  snow  2  parts, 
nniversally  used  in  the  freezing  of  ices  and  creams.  With  this  freezing  mixture, 
a  temperature  of  4°  or  5°  below  zero  can  be  maintained  for  many  hours.  A 
solution  of  equal  parts  of  nitre  and  sal-ammoniac  will  reduce  the  temperature 
from  50°  to  10°  F.  Very  well  constructed  ice-cream  freezers  are  now  commonly 
sold  in  the  shops,  in  which  on  adroit  use  has  been  made  of  the  laws  of  radian' 
beat  and  conduction,  to  facilitate  the  rapidity  of  this  operation. 

Thilorier,  with  a  mixture  of  solid  carbonic  acid  and  sulphuric  acid,  or  sulphuric 
ether,  obtained  a  temperature  120°  below  zero.  More  lately,  Mitchell  obtained  by 
the  same  means  a  temperature  of — 130°  and  — 146°  F.  At  the  former  temperature, 
sdcohol  (Sp.  Gr.  0*798)  hod  the  consistency  of  oil,  and  at  the  latter  temperature 
resembled  melting  wax. 

In  the  liquefaction  of  metallic  alloys,  a  similar  depression  is  observed.  When 
an  alloy  composed  of  207  parts  lead,  118  tin  and  284  bismuth,  is  dissolved  in 
1617  parts  mercury,  the  temperature  will  sink  from  63°  to  14°  F. 

In  producing  extreme  degrees  of  cold,  the  substance  to  be  operated  upon  is 
first  cooled  to  a  certain  degree  by  a  less  powerful  freezing  mixture,  before  the 
nfiore  energetic  one  is  used ;  the  fUll  effect  of  the  latter  is  thus  obtained. 
41 
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()58.  Laws  of  fosion  and  latent  heat  of  fusion. — ^ExpaDnoB  (tl» 
first  effect  of  heat)  has  a  limit,  at  which  solids  become  liqaids.  Tht 
powers  uf  cohesion  are  then  subordinate  to  those  of  repulsion,  and 

fusion  results. 

Fusion  takes  place  in  accordance  with  the  following  laws  :— 

1st.  All  solids  enter  into  fusion  ai  a  certain  temperature^  ummoNc 
for  tne  same  substance. 

i2d.  Wkatever  may  he  the  intensity  of  the  source  of  heat  when  the 
fusion  commences,  the  temperature  remains  constant  until  the  whole  mats 
is  fused. 

od.  T/ie  latent  heat  affusion  is  obtained  by  multiplying  the  dijfer- 
eiice  between  the  specific  heat  ofiJie  substance  in  its  liquid  and  solid  form, 
by  the.  quantity  obtained  by  adding  the  number  256  {an  experimental  etm" 
at^ant  furnished  by  researches  upon  the  latent  heat  of  water)  to  the  meliiMg 
pdint  of  the  substance  tw  question. 

The  fusion  points  and  latent  heat  of  fusion  of  a  number  of  the  more 
ini}M)rtunt  substances  are  given  in  Table  XV.  of  the  Appendix,  drawn 
from  the  labors  of  Kcgnault  and  others. 

059.  Peculiarities  in  the  fusion  of  certain  solidB. — Certain 
i^ollds  soften  before  they  become  liquefied;  such  are  tallow,  wax,  and 
batter,  while  others  never  become  entirely  fluid.  This  is  because  the 
former  are  composed  of  several  substances,  which  melt  at  different  tem- 
peratures. Metals,  like  iron  and  platinum,  that  are  capable  of  welding 
»oftcn  before  they  fuse.  Glass,  and  certain  metals,  never  attain  perfect 
fluidity.  The  fusion  of  sulphur  presents  striking  peculiarities.  (See 
C/tr.mistry.) 

GOO.  Refractory  bodies. — Substances  difficult  of  fusion  are  called 
refractory  bodies. 

Among  tho  most  refractory  bodies  are  silica,  the  metallic  oxyds,  lime,  baiyta, 
aluininn,  <&;c.  Their  fusion  may  be  effected  by  the  oxy-hydrogen  blow-pipe,  or 
by  the  use  of  the  voltaio  battery.  By  these  means,  tAfio,  the  fusion  of  platlaioi 
is  tiQ'eeted.  which  resists  the  heat  of  a  powerful  blast-fbmace,  althoogh  a  UiiB 
\\\\'o  of  this  metal  can  be  melted  by  the  mouth  blow-pipe. 

('arhon  is  tho  most  refractory  of  all  bodies.  Its  fusion  Yxbs  not  yet  b«ai  per- 
fiM>tly  effected;  although,  by  means  of  the  voltaic  battery.  Professor  SilllBU 
obtained  (in  1S22)  unequivocal  evidences  of  the  volatility  and  partial  fiuionof 
tliis  substance:  and  more  lately  these  results  have  been  verified  by  Decprete, 
vr'ah  a  carbon  battery  of  600  cups;  boron  and  silicon  also  yielding  to  the  bum 
power. 

OGl.  Solution. — Saturation. — When  a  solid  immersed  in  a  liqaul 
gradually  disappears,  the  process  is  termed  solution.  Thus,  sugar  tod 
siih  dissolve  in  water,  camphor  in  alcohol,  Soo.  Solution  is  the  remit 
c^  an  attraction  existing  between  the  particles  of  a  liquid  and  tbost  c/ 
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ft  9olid.    A  liquid  is  raid  to  be  saturated  when,  at  a  given  temperature, 
U  has  diBsolved  as  much  as  possible  of  a  solid. 

The  caoMf  whieh  dimiDish  cohosion  among  the  particles  of  a  solid,  gcneruUy 
bflilitete  solution.  Thus,  a  pulverized  body  dissolves  quicker  than  the  same 
quantity  in  large  masses.  Heat  also  facilitates  solution  by  diminishing  the 
eobesive  force  and  produciug  currents.  The  solubility  of  <(«>iuc  budie;*  h  dimin- 
bh«d  by  heat,  and  the  precipitation  of  bodies  from  solution  i!)*t)omctimcs 
hastened  by  heat» — sulphate  of  soda  and  hydrate  of  limu  are  examples  of  tbu 
former. 

6G2.  Lawa  of  aolidification. — The  passage  of  a  ))odj  from  tliu 
liquid  to  the  solid  state,  always  occurs  in  accordance  with  the  fuUowing 
laws: — 

1st.  The  solidification  of  a  body  takes  place  at  a  certain  fixed  iempa-a- 
ficre,  which  u  also  that  of  its  fusion. 

2d.  The  temperature  of  a  body  remains  constant  from  the  commence- 
ment to  the  end  of  its  solidification, 

663.  Elevation  of  temperature  daring  solidification. — When 
liquids  return  to  the  solid  state,  the  heat  which  has  been  absorliod 
daring  their  liquefaction,  and  rendered  latent,  is  given  out. 

If  the  solidification  takes  place  suddenly,  the  boat  evolved  is  often  very  appa- 
rent. Thus  water  may  be  cooled  to  22°  or  23°,  and  yet  remain  li<|uld,  hut  if  in 
that  state  it  is  shaken,  it  becomes  at  once  a  confused  moss  of  ice  cry.^tals,  ami 
rises  to  32°,  the  freezing  of  a  part  jiving  out  heat  enough  to  raise  thf*  touipora- 
t«re  of  the  whole  9?  or  10°.  Thus  we  arrive  at  the  seeming  paradox,  that  free/in^ 
is  a  warming  process  ;  and,  owing  to  the  absorption  of  heat  during  lic|U4  faeti-tu, 
it  is  equally  true,  that  melting  is  a  cooling  process.  Hence,  in  part,  the  eooliug 
influence  of  an  iceberg,  or  of  a  largo  body  of  snow  on  a  distant  mountain. 

064.  Change  of  volume  daring  solidification,  and  its  effects. — 
Mercury,  and  most  metals,  contract  while  solidifying;  hence,  the  rrocz- 
ing  of  a  mercurial  thermometer  does  not  burst  its  reservoir.  Wiuer 
expands  during  freezing  to  the  amount  of  one-eleventh  of  its  bulk: 
hence,  ice  floats  on  the  surface  of  water,  and  close  vessels,  even  of  iron, 
are  burst,  if  frozen  when  full  of  water. 

This  fact  is  familiar  to  housekeepers,  wlfo  prevent  the  bursting  of  their  water- 
ea«ks  during  winter,  by  a  stick  of  wood  placed  in  the  cat<k,  about  which  tliu 
bulge  from  expansion  takes  place.  Aqueduct  service-pipcH  arc  often  saved  from 
the  tame  accident  in  cold  weather,  by  allowing  the  water  to  flow  uniuterruptcilly. 
thufl  preventing  the  formation  of  ice  crystal-*,  both  by  motion  and  the  sui>ply 
of  warmer  water. 

A  brass  globe  filled  with  water  burst  at  32*^,  in  the  cxperinicntH  of  the  Flu- 
reaiine  Academicians,  who  estimated  the  force  exerted  a^  equal  to  28,000  poimd.^ 
on  the  square  inch  A  bomb-shcll,  filled  with  water,  and  tightly  clo:<ed  by  an 
Iron  plug,  when  exposed  to  severe  cold  in  Montreal,  discharged  the  plu<;  ti>  a 
distance  of  400  feet,  and  a  cylinder  of  ice  eight  inches  in  length  protruded  from 
Che  hole.  All  metals  which,  like  water,  assume  the  rhombohcdral  form  cin 
solidifieation,  produce  sharp  casts.  Such  are  cast-iron,  antimony,  tin,  zinc,  and 
biimath.    All  alloys  capable  of  producing  sharp  casts,  matt  couUiva  «>x\!V\  vx 
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metal.  Typc-mctAl  (3  load  and  1  antimonj),  brass  (2  copper  and  1  line),  ni 
bcU-Qictul  (7  copper  and  3  tin),  ore  familiar  examples.  Copper,  lead,  gol4, 
Bilvur,  and  indeed  mottt  mctal«.  except  thowe  above  onamerated,  cryFUHiit  is 
tbti  monometric  iiyt<tcm,  and  (K'cupj  Ic.s8  Apace  as  solids  than  as  fluids,  prodaciig 
imperfect  oasts,  ilence,  coins  are  stamped,  and  gold,  silver,  and  copper  atcarib, 
and  ornamental  wares  nre  wrought  by  the  hammer,  or  stamped,  to  iccure  aharp* 
ue^H  and  1»eauty. 

005.  Freezing  of  water. — Water  ordinarily  freezes  at  32**;  Imi  it 
1ms  alretuW  been  stated  (G03)  that,  under  certain  eirciimstaDce;,  ii 
nmy  !)C  cooled  neur  to  22**,  and  remain  liquid.  If.  however,  water  is 
turbid,  or  contains  carbonic  acid,  it  always  freezes  at  i'»2®. 

(.'ortuiii  experiments  made  in  Franco  indicate  that  the  temperature  to  which 
water  may  bo  exposed  without  freezing,  falls  in  proportion  as  ii  is  expoMdia 
tubes  of  smaller  diameter.  This  remarkable  eireumstancc  teems  to  throw  1:^ hi 
upDU  the  fact,  that  plants,  whose  capillaries  arc  full  of  juices,  resist  frost  in  a 
niQuncr  so  noticeable  as  many  of  them  do.  Neverthclei(i<,  in  very  severe  weather. 
the  tnuiks  of  largo  trees  are  sometimes  burnt  open  by  frost. 

Water,  containing  salts  in  solution,  freezes  at.  a  lower  temperarure  than  part 
water.  Thus,  sea  water  freezes  at  27°.  The  ice  formed  fr<»m  salt  water,  and 
from  impuru  or  turbid  water,  i»  comparatively  frv?»h  and  pure,  .«incc  it  is  Ihs 
Wiito.r  which  freeze.^,  and  not  the  foreign  bodie.o  i(  cuntaiuss.  Kn^zen  ink.  aad 
other  colt»rcd  fluids*,  precipitate  the  coloring  matter,  and  nre  spoiled  ai^  cvlor^. 
until,  by  boiling,  the  precipitate  is  again  diffused.  Likewist*.  the  wutcrj-  pnrdua 
of  I'ider,  and  other  weak  alcoholic  liquors,  exposed  to  moderate  coM.  congrcalf ; 
and  the  alcoholic  part  may  thus  bo  obtained  in  a  more  condeu^cti  state. 

Some  absorbent  rocks  arc  pulverized,  and  gradually  covered  by  a  thick  hei 
of  soil,  by  the  effects  of  freezing  water  in  breaking  down  their  solid  rn.vs  The 
value  of  building-stones,  in  our  climate,  depends  much  op«in  the  re!>i:<iance  thev 
offer  to  the  action  of  frost.  In  hot  climates  the  effect  is  not  seen,  and  the  crap 
Hud  summits  of  mountains  are  there  generally  more  sharp.  Kxperimcnts  tu 
determine  the  resistance  of  rocks  to  frost,  are  miyle  by  t:iturating  «:uK<»  of  tks 
material  with  water,  and  repeatedly  freezing  them.  But  the  same  result  i«  mvn 
conveniently  obtained  by  using  a  solution  of  sulphate  of  soda.  This  salt.  cry»- 
tHlliziug  on  exposure  to  the  air,  effects  the  same  results. 

CG().  Absolute  zero. — Since  the  permanent  <;aRes  contract  jii  of 
their  volume  at  32**,  for  each  dep;rce  of  Fahrenheit  below  that  j^oini  (or 
expand  that  rjuaniity  for  each  lilKj  increment  of  heat  above  32°).  ithw 
been  inlVrroil  by  Clement  and  D^sormes  that,  at  the  temperature  of 
— 459°  F.  they  would  cease  to  exist  as  gases,  since  the  amount  of  con- 
traction would  then  be  equal  to  their  initial  volume.  Likewise,  since 
the  volume  of  a  gas  is  doubled  by  heating  fn)m  32®  to  623°,  they  further 
inferred  that  the  quantity  of  heat  added  must  be  equal  to  that  held  by 
the  initial  volume,  and  that  at  — 459°  F.  there  must  be  an  aUsolnte  tero. 

J  8.  Vaporization  and  Condensation. 
607.  Vaporization. — Liquids  become  vapors  upon  receiving  a  co^ 
tain  quantity  of  heat.     Thus,  water  at  212°  is  rapidly  converted  into 
0teani,  which,  at  or  aWie  1V\«l\.  VAwv^ct^v>w*,  T^uxaina  a^  nn  inviwWi 
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npor.  This  change  of  state  presents  some  of  the  most  interesting  and 
iMportant  phenomena  of  physics. 

Snporatiom  occurs  onlj  at  the  surface  of  liquids,  quietly,  as  in  the  insensible 
ckufes  of  water  to  vapor  in  ao  open  vessel.  Boiling  or  ebuititio..,  is  the  rapid 
Imsatlon  of  vapor  throughout  the  whole  mass  of  liquid,  pro<iucing  more  or  lo&s 
•ptatioiL.  SnblimaUoH  is  the  change  of  solids  to  vapors  without  the  intcrinc- 
diato  liquid  condition.  Arsenic,  iodine,  and  camphor  are  examples  of  solidti 
vfaieh  may  be  «o  changed. 

The  remarkahle  disappearance  of  nearly  one  thousand  degrees  of 
heat  when  water  is  turned  into  steam  (and  correspondingly  for  other 
Uquids).  will  he  considered  under  Latent  Ilcat  of  Steam,  i  G83. 

6d8.  Formation  of  vapors  in  a  vacuum. — Evaporation  takes  place 
ilowlj  in  the  open  air,  owing  chiefly  to  the  atmospheric  pressure.  In 
A  Yacuum,  however,  it  occurs  instantaneously,  because  the  vapor  then 
'meets  with  no  resistance.  This  phenomenon  occurs  in  obedience  to 
the  following  laws : — 

Ist.  All  tolaiile  liquids^  in  a  vacuum^  volatilize  instantly. 

%\.  At  the  same  temperature  the  vajyors  of  different  liquids  possess 
unequal  elastic  J'orce, 

These  laws  are  illustrated  in  the  apparatus,  fi;::. 
4A2,  where  four  barometer  tubes,  originally  filled 
with  pure  dry  mercury,  are  supported  by  the  stand 
in  a  mercurial  cistern,  and  will  all  indicate  upon  the 
scale,  C,  the  same  height  of  column.  A  drop  of  ether 
passed  up  to  E,  instantly  flashes  into  vapor,  and  de- 
presses Uie  column  perhaps  half  its  height  or  more. 
This  illnetratcs  the  first  law.  A  drop  of  bisulphid  of 
carbon  introduced  into  D ;  of  alcohol  into  B  ;  and  of 
water  into  A,  will  also  be  respectively  changed  to 
vapor,  wholly,  or  in  part,  and  will  depress  the  mer- 
cury unequally,  in  the  order  of  their  volatility  as 
enumerated.  This  illustrates  the  second  law.  If  all 
the  ether  introduced  into  E  has  disappeared,  then 
saecessive  small  portions  may  be  added,  and  with 
eaeh  addition  an  increased  depression  of  the  mercury 
will  be  observed,  until,  finally,  a  point  is  reached 
where  the  ether  remains  liquid.  This  is  the  point 
of  taturalion,  or  maximum  teiiaion  of  ether  vapor  for 
that  temperature.  A  change  of  temperature  will,  of 
course,  vary  these  conditions.  If  either  of  the  tubes 
lo  lurronnded  by  one  of  larger  diameter  dipping  . 
voder  the  mercury,  and  so  affording  a  cell  into  which 
hot  water  may  be  poured,  the  liquid  ether  in  £,  r>r 
ezampre,  will  be  vaporized,  still  further  depressing  the  mercury,  according  id 
the  temperature.  If  a  freezing  mixture  were  similarly  used,  the  reverse  would 
be  seen — a  portion  of  vapor  would  be  liquefied,  and  the  mercury  will  rise  in 
|«uportiun. 
41* 
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669.  Saturated  apace  or  maximum  tension  of  ▼apon.— Thi 
meaning  of  these  terms  may  be  still  farther  illustrated  bj  thesMcf 
the  apparatus  in  fig.  483,  which  is  provided  with  a 
well,  filled  with  mercury,  and  deep  enough  to  allow 
the  tube  to  l>e  depressed  nearly  its  whole  lengt-h. 

SuppOHo  tho  tubo  to  hare  the  condition  of  E  in  the  last 
paragraph :  that  18,  tho  vapor  of  ether  has  nearly  filled 
the  whole  tube,  and  'w  at  its  point  of  saturation  or  maxi- 
mum tension.  If  the  tube  is  now  depressed,  the  contained 
vapor  is  subject  to  increased  tension,  in  proportion  to  the 
amount  of  depression  ;  aud  the  result  is,  that  a  portion 
of  it  becomes  liquid,  and  the  meronry  takes  the  plaee 
of  the  vapor.  If  the  tube  is  raised,  then  the  pressure  is 
again  diminished,  and  a  treah  portion  of  ether  is  Taporised. 
There  is,  therefore,  a  maximum  tension  or  elasticity  for  the 
vapor  of  different  liquids  at  every  temperature;  so  that,  in 
a  saturated  space,  at  a  given  temperature,  the  maximam 
tension  is  the  same,  whatever  may  be  the  pressure  to  which 
the  vapor  is  subjected. 

670.  Dalton*8  law  of  the  tension  of  vapora  is 
as  follows : — 

7%e  tension  or  elaaticity  of  different  vapors  is  equal, 
if  compared  at  temperatures  the  same  number  of  de- 
grees above  or  below  the  boiling  point  of  their  respective 
liquids. 

This  law  does  not  perfectly  accord  with  the  results 
of  experiment,  but  it  is  nearly  correct  (except  for 
mercury),  at  short  distances  aboye  and  below  the 
boiling  point.     See  Table  XIV. 

671.  The  tension  of  vapors  in  communioating  veasels  ons- 
qually  heated  is  the  same,  and  is  equal  to  that  of  the  lower  temperature. 

Thus,  if  a  vessel  containing  water  at  32°,  communicates  by  a  tube  with  • 
vessel  in  which  the  water  is  boiling,  the  pressure  in  both  of  the  vessels  will  bt 
the  same,  as  may  be  ascertained  by  a  manometer.  This  is  explained  by  tb« 
oondonaation  which  the  vapor  constantly  suffers  in  tho  colder  vessel.  Applies 
tion  is  made  of  this  principle  in  the  condenser  of  the  steam-engine. 

672.  Temperature  and  limits  of  vaporization. — The  evaporatioD 
of  liquids  takes  place  at  temperatures  much  below  their  boiling  points, 
as  common  experience  testifies.  Even  at  the  ordinary  temperatare  of 
the  air,  water,  many  liquids,  and  even  some  solids  vaporise. 

Even  mercury,  whose  boiling  point  is  662°,  evaporates  at  all  temperatara 
above  60°  F.,  as  was  proved  by  Faraday.  He  suspended  Arom  the  eoric  of  aflsA 
containing  mercury,  a  slip  of  gold  leaf.  After  six  months,  the  gold  leaf  ««■ 
found  to  be  whitened  by  the  mercury  which  had  risen  in  T^>or.  A  dfw  of 
metallic  globules  is  sometimes  seen  in  the  TorrioeUiaa  vaonam.  lodintk  cdf 
phor,  and  other  solids,  rapidly  evaporat«  at.  the  ordinary  temperatora.    8bov 
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•ad  ic«  disappear  from  the  sorface  of  the  earth  during  cold  weather  when  ther« 
has  been  no  thawing.  Boyle  found  that  two  ounces  of  snow,  in  a  very  cold 
atmosphere,  lost  ten  grains  in  six  hours. 

The  experiments  of  Faraday,  however,  appear  to  show  that  vapori 
zation  does  not  occur  at  all  temperatures. 

Thus,  mercury  giyes  off  no  appreciable  vapor  below  60^.  Sulphuric  acid 
undergoes  no  appreciable  evaporation  at  ordinary  temperatures.  Faraday 
proved  that  several  substances  whiph  are  volatilized  by  heat  at  temperatures 
between  300^  and  400%  did  not  suffer  the  slightest  evaporation  when  kept  in  a 
confined  space  at  the  ordinary  temperatures  during  four  years. 

The  limit  of  evaporation  is  reached  when  the  cohesive  force  of  the  particles 
of  the  solid  or  liquid  overcomes  the  feeble  tendency  to  evaporation. 

673.  CircttmBtanoes  influencing  evaporation. — £vaporntioD,  as 
has  been  said,  is  the  slow  production  of  vapor  from  the  surface  of  a 
liquid.  The  elastic  force  of  a  vapor  which  saturates  a  space  containing 
a  gas  (like  air)  is  the  same  as  in  a  vacuum.  The  principal  causes 
which  influence  the  amount  and  rapidity  of  evaporation,  are  as  fol- 
lows : — 

Ist.  Extent  of  turf  ace.  As  the  evaporation  takes  place  from  the  surface,  an 
increase  of  surface  evidently  facilitates  evaporation. 

2d.  Tewjwrafiire,  by  increasing  the  elastic  force  of  vapor,  increases  the  rapidity 
of  evaporation ;  therefore,  the  temperature  of  ebullition  marks  the  maximum 
point  of  evaporation. 

dd«  The  quantity  of  the  eame  liquid  already  in  the  atmoepherej  exercises  an 
important  influence  on  evaporation.  When  the  air  is  saturated,  evaporation 
c«Mes  ;  it  is,  therefore,  greatest  when  the  air  is  free  from  vapor. 

4th.  Renewal  of  the  air  facilitates  evaporation,  since  new  portions  of  air, 
capable  of  absorbing  moisture,  are  presented  to  it ;  hence  evaporation  is  more 
rapid  in  a  breeze  than  in  still  air. 

6th.  Preeeure  on  the  eurface  of  the  liquid  influences  evaporation,  because  of 
the  resistance  thus  offered  to  the  escape  of  the  vapor. 

Prof  Daniell,  from  a  series  of  researches  on  the  rate  of  evaporation,  deduced 
the  following  law,  viz. : — 

TTke  rapidity  of  evaporation  ie  invertely  a»  the  preeeure  upon  the  eurfaee  of  the 
evaporating  liquid. 

674.  Dew^-point. — If  air  saturated  with  moisture  is  cooled,  a  por- 
tion of  the  moisture  will  be  precipitated  as  dew.  The  ten  perature  at 
which  this  deposition  of  moisture  commences,  is  called  the  dew-point. 
The  dew-point  is  nearer  the  temperature  of  the  atmosphere,  the  more 
fully  the  air  is  saturated  with  moisture.  The  methods  of  determining 
the  amount  of  moisture  contained  in  the  atmosphere,  will  be  described 
in  the  chapter  on  Meteorology. 

675.  Bbullition. — The  elasticity  of  the  vapor  from  a  boiling  liquid 
ia  equal  to  the  pressure  of  the  superincumbent  atmosphere. 

it  boiled  in  a  glass  vessel,  the  phenomena  of  ebullition  may  be 
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di.^tinctly  seen.  On  first  beating  a  liquid,  the  dissolved  sir  is  expcUeil  ia 
siQuII  KuM)!^''.  As  tbc  heat  id  continued,  bubbles  of  transparent  and  invisible 
Pti'Hui  arc  fornu-d  in  the  luwer  part  of  the  vessel  where  the  beat  it  applied. 
The>e  j;rnw  j^nialler  ami  .■'mailer  as  they  rise,  and  finally  condense  in  the  colder 
liquid  with  a  .<cries  ol'  little  noines.  producing  what  we  call  simmering.  After  a 
time,  when  tlie  nia>s  <>t  li({ui«l  attains  a  nearly  uniform  tcmpcraturo,  these  bub> 
bles  in<re:ise  in  >i/.e  a<  they  rise  to  the  surface,  owing  to  the  evaporation  from 
their  intvriur  Mirraee>,  as  well  as  from  the  less  pressure  to  which  they  arc  there 
8uhjeote«l.  As  thev  reaeh  the  external  air,  at  the  surface  of  the  liquid,  they  con- 
dense in  a  cloudy  vapor,  which  is  commonly  called  steam,  but  which,  in  reality, 
is  water  in  excee(lin;;ly  minute  globules,  steam  itself  being  invisible. 

When  n  li<|ui<l  ha-^  reached  the  boiling  point,  a  comparatively  small  quantity 
of  heat  maintains  it  at  that  temperature.  Water,  or  any  other  liquid,  boiling 
moderately,  has  the  same  temperature  as  when  it  is  in  violent  ebullition;  the 
excess  of  heat  only  causing  a  more  rapid  evaporation  of  the  water.  The  boiling 
points  of  certain  li«iuids  are  shown  in  Table  XVII, 

070.  Circumstances  influencing  the  boiling  point. — The  prin- 
cipal of  tlie.se  lire  : — 

1.  AdhrsioH.  It  is  probably  owing  to  the  different  degrees  of  adhe- 
bIoij  between  the  liciuid  and  the  surfaces  of  the  vesselsi  that  the  boiling 
point  of  water  varies  in  vessels  of  different  materials. 

2.  Solidn  iu  Hulution  in  liquids  raise  their  boiling  points  in  proportion  to  the 
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In  Table  XVIII.  is  given  the  boiling  point  of  water  at  different  places,  with 
their  corresponding  elevation  above  the  level  of  the  sea. 

G77.  The  culinary  paradox  is  an  excellent  illustration  of  the  pheno- 
oiena  of  boiling  onder  diminished  pressures.  485 

A  small  quantity  of  water  is  boiled  in  a  glass  flask 
■Qtil  the  steam  has  driveo  oat  the  air.  When  the 
water  is  in  active  ebollition,  a  good  cork  is  firmly 
inserted  in  the  month,  and  the  heat  is  removed.  The 
task  la  then  supported  in  an  inverted  position,  as 
is  shown  in  fig.  485.  The  water  still  continues  to 
boil  more  Tiolently  than  when  over  the  flame.  If  cold 
water  be  poured  upon  the  flask,  the  ebullition  becomes 
still  more  violent,  but  will  be  speedily  arrested  by  the 
appliemtion  of  hot  water. 

The  cAise  of  this  seeming  paradox  is  plain.  When 
the  flask  was  corked,  there  was  only  the  vapor  of 
water  above  the  liquid,  the  air  being  driven  out  by 
Uie  prerious  boiling.  By  the  application  of  cold 
water,  a  portion  of  this  vapor  becomes  condensed, 
and  the  water  within  being  under  diminished  pros- 
■are,  boils  at  a  correspondingly  low  temperature. 
Bat  bot  water  thrown  upon  the  flask  increases  the 
elasticity  of  the  vapor,  and  the  water  being  thus 
ralijeeted  to  a  greater  pressure,  ceases  to  boil.  « 

Franklin's  poise  glass,  a  double  bulbed  gii 
with  ether  and  closed  while  boiling ;  boils  from  the 
beat  of  the  hand,  a  sensible  coolness  being  felt  as 
the  last  portions  of  fluid  rush  out  of  the  empty  /^ 
bulb,  the  band  furnishing  the  heat  needed  to  va- 
porise the  ether. 

678.  Useful  applications  in  the  arts  are  constantly  made  of  the 
facts  Just  explained,  to  concentrate  vegetable  extracts,  cane-juice,  &c., 
under  diminished  pressure,  and  consequently  at  a  temperature  below 
the  point  where  there  is  any  danger  of  injury  from  heat.  Sugar  is 
osnally  concentrated  thas  in  large  close  copper  vessels,  called  vacuum- 
pans,  at  a  temperature  of  150^  F.,  aided  by  a  powerful  air-pump  and 
condenser  to  remove  the  vapor  rapidly.  There  is  no  economy  of  fuel 
by  boiling  under  diminished  pressure,  as  will  be  understood  from  what 
18  said  hereafter. 

679.  Measurement  of  heights  by  the  boiling  point. — Hypso- 
meter. — On  ascending  mountains,  the  boiling  point  of  liquids  falls, 
because  the  atmospheric  pressure  is  less,  and  conversely  in  descending 
into  mines,  it  rises.  Accurate  observations  show,  that  a  difference  of 
about  543  feet  in  elevation  produces  a  variation  of  P  F.  in  the  boiling 
point  of  water.  The  metastatic  thermometer  (579)  is  used  in  these 
observations.  Fahrenheit  first  proposed  determining  the  heights  of 
Donntuns  by  the  depressed  temperature  cf  boilinfi;  water. 


fig.  486,  partly  filled 
486 
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RegnauU  has  designed  an  apparatoa  called  a  liTpaomoter,  ig.  487,  («r 
determining  olovations  by  the  boiling  point  of  water.  It  consists  of  a  eeppcr 
vessel,  C,  conUining  water.  This  is  surmounted  by  a  brass  cylinder  whkk 
supports  and  encloses  a  thermometer.  The  upper  part  of  this  cylinder  is  foriMl 
in  pieces,  I,  which  slide  into  each  other  like  the  tubes  of  a  teleaoope,  and  mrrt 
to  confine  the  steam  about  the  thermometer  tube,  as  in  fig.  443.  Air  is  snppKid 
to  the  lamp,  /,  by  the  holes,  o,  o.    The  steam  etcapea  by  a  lateral  4S7 

orifice  in  the  upper  part  of  the  instrument.  488 

680.  High  preMore  steam. — The 
boiling  point  rises  as  the  pressure  in- 
creases. This  fact  is  readily  demon- 
strated in  a  general  way  by  Marcet's 
apparatus,  fig.  488. 

A  spherical  boiler  is  supported  orer  a  lamp 
upon  a  tripod  of  bfass.  A  thermometer,  t, 
enters  the  upper  hemisphere,  and  its  bulb  is 
exposed  directly  to  the  steam.  A  stop-eoek 
and  safety  ralve,  V,  opens  a  communication 
to  the  outer  air.  A  manometer  tube.  A,  with 
confined  air  (280)  descends  into  some  mercury 
placed  in  the  boiler  (whose  lower  hemisphere 
is  for  that  reason  made  of  iron).  The  boiler 
is  filled  with  water  to  the  etyiator.  When  the 
water  boils  and  the  air  has  been  expelled,  the 
open  stop-cock  is  closed  and  the  steam  com- 
mences to  accumulate.  The  thermometer, 
which  stood  previously  at  212°,  begins  to  rise 
higher  and  higher  a.s  the  column  of  mercury 
rises  in  the  gauge.  When  the  mercnry  has 
risen  in  the  gauge  a  little  less  than  half  ' 
the  height  of  the  tube,  the  thermometer  will 
indicate  249°-5  F.,  when  two-thirds  of  the  way  273°"3,  and  so  on.  Table  XIX. 
gives  the  boiling  point  of  water  at  diflferent  atmospheric  pressures  as  ascer- 
tuincd  by  Regnault. 

Advantage  is  taken  of  the  temperature  of  high  steam  in  the  arta  to  extract 
gelatine  from  bones,  and  to  perform  other  difficult  solutions  and  distillstiont 
whiob,  at  212°,  would  be  impossible.  Papiu,  a  French  physicist,  who  died  in 
1710,  first  studied  these  efiects  of  high  steam  with  an  apparatus  known  u 
Papin's  digester.  It  is  only  a  boiler,  of  great  strength,  provided  with  a  saleCy 
valve  (then  first  used). 

681.  Production  of  cold  by  evaporation. — A  liqaid  grows  sen- 
sibly colder,  if  while  evapv>rating  it  does  not  receive  as  much  heat  as  it 
loses,  and  the  more  sensibly  so,  as  the  evaporation  is  more  rapid. 

Eau  de  cologne,  bay-rum,  or  ether,  evaporating  from  the  surface  of  tht  skis, 
produces  very  sensible  coldness,  due  to  the  rapid  absorption  of  the  bodily  heat 
in  the  evaporation.  Portions  of  body  may  be  thus  benumbed  and  rendend 
insensible  to  pain  during  surgical  operations. 
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A  f&mmcr  shower  cools  the  Air  hy  absorhing  heat  from  the  earth  and  the  air 
Auing  eraporatioii.  Curtains  wet  with  water,  called  tattiet,  much  used  in  India; 
iMfy  branches  of  trees,  mossy  banks^  and  fountains  draped  by  climbing  plants, 
an  eool  for  the  same  reason.  Fanning  the  surface  produces  coolness  both  from 
aondsedon  and  evaporation.  Wet  clothes  are  pernicious,  chiefly  from  the  rapid 
Iocs  they  cause  of  animal  heat  during  evaporation,  thus  impeding  the  circula- 
tion. In  hot  climates,  where  ice  is  rare,  water  is  cooled  to  an  agreeable 
temperature  by  the  use  of  jars  of  porous  earthenware  placed  in  a  draught  of 
air.  The  surface  moisture  is  rapidly  evaporated  by  the  dry  air,  and  the  water 
in  the  vessels  falls  20  or  30  degrees  below  the  exterior  air,  even  at  80  or  yo 
degrees.  Water  is  readily  frozen  in  a  thin  narrow  test-tube  by  the  constant 
evaporation  of  ether  from  a  muslin  cover  drawn  over  the  outside  of  the  tube. 
In  the  Sast  Indies,  water  is  frosen  by  its  own  evaporation,  aided  by  radiation, 
in  cool  serene  nights,  when  the  external  air  is  not  below  40°.  For  this  purpose 
shallow  earthen  pans  are  used,  placed  in  a  slight  pit  or  depression  of  the  earth 
apon  straw  to  cut  off  terrestrial  radiation.  489 

Water  is  endowed  with  a  remarkable  emissive 
power,  and  will,  as  shown  by  Melloni,  lose  7°  be- 
low  the  atmosphere  by  simple  radiation  in  serene 
nigbte.  Compared  to  this  remarkable  Indian 
result,  Leslie's  experiment  of  freezing  water  in 
the  vacuum  of  an  air-pump  (over  sulphuric  acid 
to  absorb  the  vapor,  fig.  489)  seems  simple ;  and  easier  still  is  the  same  effect 
produced  in  the  cryophorus  [or  frott-bearer)  of  Dr.  WoUaston,  fig.  490,  where  a 
portion  of  water   in   one  490 

bulb  of  a  vacuous  glass 
tube  is  froxen  by  its  own 
rapid  evi4>onition  due  to 
cooling  the  empty  bulb  in 
a  freesing  mixture. 

Twining'B  ice  ma- 
Obina. — An  apparatus  has  been  successfully  contrived  by  Prof.  Alex.  Twining 
for  producing  ice  upon  a  commercial  scale  in  those  hot  climates  where  it  cannot 
be  carried  from  colder  countries,  by  the  rapid  evaporation  of  a  portion  of  ether 
confined  in  metallic  chambers  contiguous  to  the  water  vessels — the  process,  by 
aid  of  an  air-pump  and  condenser,  being  continuous  and  without  sensible  loss 
of  ether.  This  plan  is  equally  applicable  to  cooling  the  air  of  apartments,  either 
for  the  preservation  of  provisions  or  for  the  comfort  of  the  occupants. 

682.  Latent  heat  of  ateam. — A  large  amouDt  of  hent  disappears 
or  18  ronderedJatent  during  evaporation.  According  to  Kcgnault,  the 
latent  beat  of  steam  is  967^*5.  Its  determination  is  made  in  a  number 
of  ways. 

If  a  resfcl  containing  water  at  the  temperature  of  32^  is  placed  over  a  steady 
'source  of  heat»  it  receives  equal  additions  of  heat  in  equal  times.  Let  the  time 
be  noted  that  is  required  to  raise  the  temperature  to  212°.  If  now  the  heat  is 
continued  until  all  the  water  is  converted  into  steam,  it  will  be  found  that  the 
time  occupied  in  the  evaporation  was  5^  times  that  required  to  heat  the  water 
through  the  first  180°,  t.  e.,  from  32°  to  212°.  Consequently  5^  times  as  much 
hftat  is  absorbed  during  the  evaporation  of  water  as  is  required  to  bring  it  to 
boiling  point    The  Utent  heat  of  steam  is  therefore  about  (180°  X  ^h)  900° 
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Again,  the  latent  heat  of  steam  u  detennined  by  diatilling  a  entain  aiaoaBi 
of  water  and  condensing  the  steam  in  a  large  volume  of  the  same  Uqnid.  If 
the  temporatare  be  noted  before  and  after  the  ezperimenty  it  will  be  fonnd  that 
the  heat  from  the  steam  formed  from  a  pound  of  water,  was  snffieient  to  ruse 
the  temperature  of*  ten  pounds  of  water  00^.  The  latent  heat  of  steam  is  tkue- 
fore  again  found  to  be  (99''  X  10)  990^ 

Experiments  conducted  in  the  simple  manner  joist  mentioned  cannot  U 
entirely  accurate,  owing  to  a  certain  loss  of  heat  by  Taporisation,  eondaeUon, 
and  radiation.  Numerous  precautions  are  therefore  to  be  adopted  to  innre  tbe 
aci)uraoy  science  demands  in  snch  an  investigation,  the  details  of  which  are 
inconsistent  with  oar  limited  space. 

The  latent  heat  of  steam  obtained  by  different  experimenters,  Taries 
somewhat  as  follows  -.—Watt,  950** ;  Lavoisier,  1000** ;  Desprctz,  955'-8; 
Brix.  972^ ;  Regnault,  967°-5 ;  Fabre  and  Silbermann,  964*^-8. 

683.  Latent  and  aenaible  heat  of  steam  at  different  tempeia- 
ttirea. — The  whole  amount  of  heat  in  steam  is  the  laUnt  heat,  plus  tbe 
setisibU  heat  Thus  the  heat  of  steam  at  the  temperature  uf  ebulUtioo 
b  967°*5  -f  212°  =  1179'*-5.  It  has  heretofore  been  generally  suted, 
that  the  heat  absorbed  in  vaporization  is  less  as  the  temperature  of  the 
vaporizing  liquids  is  higher.  So  that  if  the  sensible  heat  of  steam  at 
any  temperature  is  subtracted  from  the  constant  1179°'5,  the  remainder 
is  the  latent  heat  of  steam  at  that  temperature.  For  example :  the  latent 
heat  of  steam  at  279°-5,  is  900°,  at  100°,  1079°'5,  &c.  This  statement 
however  is  found  to  be  somewhat  inaccurate,  although  in  practice  it 
may  be  assumed  to  be  nearly  correct. 

From  the  experiments  of  Regnault,  it  appears  that  the  sum  of  tbe 
latent  and  sensible  heat  increases  with  the  temperature  by  a  constant 
difference  of  0°'305  for  each  degree  F.,  as  is  shown  in  Table  XXII. 

684.  Mechanical  force  developed  daring  evaporation. — During 
the  conversion  of  a  liquid  into  vapor,  a  certain  mechanical  force  is  exerted. 
The  amount  of  this  force  depends  on  the  pressure  of  the  vapor  and  the 
increase  in  volume  which  the  liquid  undergoes. 

Equal  volumes  of  different  liquidtt  produce  unequal  amounts  of  vapor  at  thdr 
respective  boiling  points. 

1  cubic  inch  of  water  expands  into  1696  cubic  in.  vapor  at\>oiling  point 
1      "        "  alcohol     "  "       528      "       "       "  "  " 

I     "        "  ether         "  "       298      "       "       "  "  " 

I     "        "  turpentine  "       193      "       "       "  "  " 

Now  although  the  latent  heat  of  equal  weights  of  other  vapors  is  less  thsa 
that  of  steam,  yet  no  advantage  would  arise  in  generating  vapor  from  them  a 
place  of  water  in  the  steam-engine.  For  equal  volumes  of  alcoholic  and  aqoeoos 
vapor  contain  nearly  the  same  amount  of  latent  heat  at  their  respective  boilisg 
points,  and  such  is  the  case  to  a  great  extent  with  other  liqnids.  The  cost  of 
the  fuel  in  generating  vapor  would  be  in  proportion  to  tbe  amount  of  laKnt 
neat  in  equal  vt  lumes  of  the  vapor. 
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685.  XilqiMfiMtlon  of  Tspon,  or  the  cooTenion  of  Tapon  into  liquids, 
10  MOomplialMd  ii  three  ways.  Ist,  by  cooling;  2d,  by  compresaion; 
end  3d,  by  chemical  affinity.  Ooly  the  first  two  of  these  methods  will 
be  epoken  of.  When  Tapore  or  gases  are  condensed  -into  liquids,  the 
eame  amount  of  heat  le  given  out  as  sensible  heat  which  was  absorbed 
and  rendered  latent  when  they  assumed  the  aeriform  condition. 

686.  PirtllUitlon  is  the  successive  evaporation  and  condensation  of 
liqnida.  The  prooeoe  depends  on  the  rapid  formation  of  vapor  during 
ebollition,  and  the  condensation  of  the  vapor  by  cooling. 

PiitiHation  Is  iised»  finl»  for  the  separation  of  flaidfl  from  solids,  sa  the  di«- 
liUaUon  of  ordinary  water,  to  aeparate  the  imparities  oontaised  in  it;  2d,  for 
tibo  separation  of  liquids  nneqnally  volatile,  as  in  the  distillation  of  fermented 
Bqaors,  to  separate  the  volatile  spirits  from  the  watery  matter. 

687.  Distilling  appamtns  of  various  kinds  is  employed  according 
to  the  special  pnrpoee  to  which  it  is  applied.  The  most  ancient  is 
the  olmMc;  its  invention  is  attributed  to  the  Arabs.  It  consbts  of  a 
boil«r  of  eopper  or  iron,  furnished  with  a  dome-shaped  head ;  to  the 
upper  part  of  this  is  attached  a  metal  tube  which  passes  through  a 
veaeel  of  cold  water,  whereby  the  vapor  (as  it  passes  over  when  heat 
is  applied  to  the  boiler)  is  condensed,  and  flows  into  a  proper  receptacle. 

Where  small  quantities 
of  liquid  are  to  be  distilled, 
glass  retorts,  fig.  491,  or 
flaaka  are  used.  These  are 
heated  by  alcohol  lamps,  or 
by  email  charcoal  furnaces. 
The  receiver  may  consist 
of  a  small  flask  connected 
with  the  neck  of  the  retort, 
as  represented  by  S.  By 
means  of  water  flowing 
oontinnally  on  it  from  B,  a 
proper  cooling  is  effected. 

688.  Phyaioal  identity  of  gaaea  and  wapora. — The  difference 
between  gases  and  vapors  is  merely  one  of  degree,  and  their  identity 
in  many  physical  properties  has  already  been  shown.  Thus  the  ratio 
fji  their  expansion  by  heat  is  the  same  as  that  of  the  permanent  gases. 
A  permanent  gas  may  be  considered  as  a  supev'heated  vapor;  the  vapor 
of  a  liquid  which  volatilizes  at  very  low  temperatures. 

Theory  of  the  liquefaction  and  aolidifloation  of  gaaea. — ^By 
Ihe  last  section,  if  the  excess  of  heat  is  removed  from  a  gas,  it  is  in  the 
i  eondition  as  an  ordinary  vapor,  containing  <mly  sufficient  heat  to 
42 
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maintain  it  in  the  aeriform  condition.  Bj  the  oompresmon  of  a  gis, 
heat  is  evolved,  by  rendering  sensible  the  heat  before  latent  If  the 
compressed  gas  is  then  surrounded  by  a  freezing  mixture,  the  further 
abstraction  of  heat  causes  the  condensation  of  a  corresponding  poitioD 
of  gas  into  a  liquid.  It  is  thus  by  condensing  and  cooling  gaset,  that 
their  liquefaction  and  solidification  have  been  effected. 

689.  Methods  of  rednolng  games  to  liquids. — In  1823,  Faraday 
liquefied  chlorine,  cyanogen,  ammonia,  carbonic  acid,  and  some  other 
gases,  by  the  following  simple  means. 

The  materials  from  which  the  gas  was  to  bo  OTolred,  proTided  they  wen  lolidi, 
were  placed  in  a  strong  glass  tube,  492 

bent  at  an  obtnse  angle  near  the 
middle,  fig.  492,  and  the  open  ends 
hermetically  sealed.  Heat  was  then 
applied  to  the  end  eontaining  the 
materials  (e.  g.  oyanid  of  mercnry), 
while  the  empty  end  was  cooled  in  a 
freezing  mixture.  The  pressure  of  the  gas  evolved  in  so  small  a  spaee,  vnited 
with  the  cold,  liquefied  a  portion  of  it  Otherwise,  if  fluids  were  to  be  onplojed, 
the  tube  bad  the  shape  seen  in  fig.  493.  The  fluids  were  introduced  by  the  fmsll 
funnel  o  n,  into  the  curves  c  and  6,  and  the  ends,  a,  cf,  were  then  sealed  by  the 
blow-pipe.  By  a  simple  turn  of  the  tube,  all  the  fluid 
contenU  are  transferred  to  the  end,  a,  fig.  494,  and  the 
empty  end,  rf,  is  placed  in  a  freezing  mixture  where  the 
liquid  gas  collects.  Any  fluid  which  distils  over  from 
a,  collects  in  the  bottom  of  the  middle  curve.  A  minute 
manometer  was  introduced  by  Faraday  into  these  tubes, 
in  order  to  determine  the  pressure  at  which  liquefaction 
occurred.  The  manometer  was  a  small  glass  tube  sealed 
at  one  end,  and  holding  a  drop  of  mercury ;  the  mode 
of  reading  the  pressure  has  been  before  explained  (280). 

Later  reaearohes  of  Faraday. — In  1845, 
Faraday  published  the  results  of  his  experiments 
on  the  liquefaction  of  gases  by  means  of  solid 
carbonic  acid.  A  mixture  of  this  solid  with  ether, 
in  the  vacuum  of  an  air-pump,  gave  him  a  tempe- 
rature as  low  as  — 166°  F. 

Id  such  a  bath,  at  the  ordinary  pressure  of  the 
atmosphere,  chlorine,  oxyd  of  chlorine,  cyanogen,  am- 
monia, sulphuretted  hydrogen,  arseniuretted  hydrogen,  hydriodic  acid,  hydro- 
bromic  acid  and  carbonic  acid,  were  obtained  in  the  liquid  form  under  moderate 
pressures.  These  liquids  were  colorless,  with  the  exception  of  those  from  ehlo- 
rine  and  oxyd  of  chlorine,  which  are  colored  gases  in  the  ordinary  state.  A 
number  of  the  liquefied  gases  were  solidified.  The  results  obtained  by  Faradsj 
on  the  liquefaction  and  solidification  of  gases  may  be  found  in  Table  XX. 

690.  Thilorier^B  and  Bianohi's  apparatus  for  oondenaation  of 
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J— ■■'-'To  avoid  the  danger  of  explosion  in  the  use  of  glass  tabes, 
■ad  at  the  same  time  to  obtun  large  supplies  of  liquid  gases  in  a 
manageable  form,  a  powerful  apparatus  of  iron  has  been  contrived  by 
Thilorier ;  and,  more  lately,  another  by  Bianchi  with  mechanical  com- 
piweiop,  for  a  deeoriptioa  of  which  reference  may  be  had  to  the  Author's 
C^kemuirif, 

Mi.  Fropeitiea  of  liquid  and  solid  gaaea. — ^Liquid  carbonic  acid 
m  eolorlees,  like  water,  and  has  a  density  of  0*83.  Its  coefficient  of 
expansion  is  more  than  four  times  that  of  air.  Twenty  volumes  of  the 
fiqnid  at  32^,  becoming  29  volumes  at  86^ 

The  lolidifled  aeid  obtained  by  the  evaporation  of  a  portion  of  the  liquid, 
appears  in  the  form  of  snow ;  when  congealed  by  intense  cold  alone,  it  is  clear 
and  transparent  like  iee.  It  melts  at  a  temperature  of  — 70°  F.,  and  is  heavier 
tiban  the  liquid  balhing  it  The  solid  aoid  may  be  preserved  for  many  hours  if 
it  be  sarromided  with  eotton  or  some  other  poor  condnotor  of  heat  It  gradually 
TaporiMS  withoat  assuming  the  liquid  form.  The  temperature  of  this  solid,  as 
datamined  by  Faraday's  experiments,  is  about  106^  below  0°  F.  Although  so 
intensely  cold,  it  may  be  handled  with  impunity,  and  when  thrown  into  water, 
the  latter  is  not  frosen.  By  moistening  it  with  ether,  to  which  it  has  a  strong 
adhesion,  its  low  temperature  is  at  once  manifested.  If  mercury  is  placed  in  a 
wooden  basin  and  covered  with  ether,  and  then  solid  carbonic  acid  be  added, 
the  mereary  will  soon  be  frosen.  The  temperature  required  to  freeze  the  mer- 
cary  is  about  — 40^  F.  This  frosen  mercury  may  be  drawn  into  bars,  or  moulded 
ialo  ballets,  or  beaten  into  thin  plates,  if  the  operations  be  performed  with  wooden 
ioetmaients. 

Nattbrbr,  with  a  mixture  of  liquid  protozyd  of  nitrogen  and  bisul- 
phid  of  carbon,  records  a  temperature  of  — ^220^  F.  Even  at  this  low 
temperature,  liquid  chlorine  and  bisulphid  of  carbon  preserve  their 
flnidi^. 

In  protoxyd  of  nitrogen  gas,  combustibles  bum  with  nearly  as  great  intensity 
as  in  pare  oxygen ;  combustion  also  takes  place  in  liquid  protoxyd  of  nitrogen, 
notwithstanding  the  intense  cold.  A  fragment  of  burning  charcoal,  thrown  into 
this  liqaid,  bums  with  brilliant  scintillations,  and  thus  almost  at  the  same  point 
ahmn  is  a  temperature  of  about  3600°  above  and  180°  below  Fahrenheit's  sero. 

692L  Zrfitoiir*a  law. — From  his  experiments  on  the  conversion  of 
liqnida  into  vapors,  Gaignard  de  Latour  announced  the  following  law : — 

There  (m  for  eifery  vaporizable  liquid  a  certain  temperature  and  pres- 
wmre  ai  which  U  may  be  converted  into  the  aeriform  state,  in  the  same 
space  occupied  by  the  liquid. 

In  these  experiments,  strong  glass  tubes,  furnished  with  interior  manometer 
ganges,  were  parUally  filled  with  water,  alcohol,  ether,  and  other  liquids,  and 
henaetieally  sealed.  The  temperature  of  the  tubes  was  then  gradually  raised. 
Sther  beoomet  a  vapor  at  328°,  in  a  space  equal  to  double  its  original  bulk, 
sxertiag  a  prsssare  )f  37*5  atmospheres ;  alcohol  at  a  temperature  of  404° '5, 
with  a  prsssnrs  of  119  atm«  inheres,  and  water  disappeared  in  vapor,  in  a  spaoe 
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foar  times  its  own  bulk,  tA  the  tempentnre  of  abovt  77S^.  If  MsriolWi  Imp 
held  good  in  these  eases,  the  pressnrei  ezeited  wonld  hare  been  vwy  mmk 
greater  than  were  aotaally  obserred.  Bren  before  a  liqaid  wholly  diiafpssn, 
the  elasticity  of  the  Taper  is  found  to  inorease  in  a  proportion  fhr  greater  thsa 
is  the  ease  with  air  at  equally  elerated  tamperatnrea.  It  ia  not  therefeie  ssr- 
prising  that  mere  pressure  fails  to  Uqvefy  many  bodieo  whieh  aziat  erdiasii^ 
as  gases.    Compare  the  statements  respeeting  Mariotte's  law  in  {|  274-377. 

693.  Density  of  ▼apon.— The  eoeurate  determiDetioii  of  tbe  deniiQ 
of  vapors,  is  of  maoh  importaooe  in  Cbemieal  Phjsics.  li  is  eeeunr 
plisbed  by  filling  a  globe,  or  other  vessel  of  glass,  with  the  vapor  st  a 
given  temperature,  and  weighing  it ;  this  weight,  divided  bj  the  weight 
of  an  equal  volume  of  air,  under  the  same  cireumstances  of  tempera- 
ture and  pressure,  gives  the  density  of  the  vapor.  The  details  of 
the  methods  in  use  for  this  purpose,  belong  more  approprtatelj  to 
chemistry. 

{  9.  Bpharoidal  condition  of  Zaquids. 

694.  Bpliaroidal  state. — Drops  of  water  scattered  on  a  poliabed 
surface  of  heated  metal  do  not  immediately  disappear,  but  assume  the 
form  of  flattened  spheres,  rolling  quiedy  about,  until  they  gradually 
evaporate.  If  the  metal  has  not  a  certain  temperature,  it  is  wetted  by 
the  water  with  a  hissing  sound.  This  observaUon  was  made  in  1746, 
and  ten  years  after,  Liedenfrost  called  parUcuIar  attention  to  the  pbe- 
nomenon.  Dtfbereiner,  Laurent  and  others,  also  experimented  npoo 
this  subject;  They  found  that  saline  solutions,  as  well  as  simple 
liquids,  would  act  in  the  same  manner  as  water.  It  is,  however,  to 
Boutigny  that  we  are  particularly  indebted  for  the  investigation  of  the 
phenomena  of  the  spheroidal  state  of  liquids. 

Illuatration  of  the  spheroidal  state. — The  above  experiment  may 
be  variously  performed,  according  to  the  ingenuity  of  the  experimei  ter. 

A  small  smooth  brass  or  iron  capsnle  is  heated  over  a  lamp,  fig.  49S,  and  a  Um 
drops  of  water  allowed  to  fall  upon  it  from  a  pipette ;  the 
drops  do  not  wet  the  metallio  surfaoe,  but  roll  about  in  ^^ 

spheroidal  globules,  uniting  together  after  a  time  into  a 
single  mass,  which,  it  will  be  seen,  has  tbe  form  of  an 
oblate  spheroid,  and  evaporates  but  slowly.  This  is  the 
condition  distinguished  by  Boutigny  as  the  spheroidal 
state.  If  the  metal  is  allowed  to  cool  gradually,  when 
the  temperature  falls  to  a  certain  point,  the  liquid  will 
burst  into  violent  ebullition  and  quickly  evaporate. 

The  spheroidal  state  may  be  produced  in  a  vacuum  as  well  as  in  tbe 
air,  upon  the  smooth  surface  of  most  solids,  and  also  upon  the  surface 
of  liquids. 

Noticeable  phenomena  oonneotad  with  the  spheroidal  state. 
— There  are  several  important  points  to  be  noticed  as  regards  thti 
curious  sul^eot.    The  chief  of  these  are,  that, — 
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L  fim  Hw^*rmiwn  ^  AmplaU  most  be  greater  than  the  boiling  point  of  the 
HjiMaj  in  order  to  prod«ee  the  spheroidal  state,  and  it  Taries  with  the  boiling 
^•iut  of  the  liquid  employed. 

TkmM,  with  water,  the  spheroidal  state  is  prodaoed  when  the  plate  is  at  a  tern- 
yoBtafo  of  Z4/0P,  and  maj  attain  it  eren  at  288** ;  with  alcohol  ..^ 

mad  ttimr,  the  plate  most  hate  at  least  the  temperature  of  273^ 
and  142**  le^peettrely. 

2.  Tk9  ttrnperatun  of  fJU  tipktroid9  is  always  lower  than  the  ' 
Vviliiig  points  of  the  liquids.    This  was  determined  by  Boutigny, 
by  M— aialng  a  delieate  thermometer  in  the  spheroid,  as  shown 
in  i|p.  4M. 

Tlitt%  20&^  U  the  temperature  of  the  spheroid  of  water ;  168° 'S 
thai  of  aleohol;  93^-6  that  of  ether;  13^*1  that  of  sulphurous 


The  temperature  of  a  spheroid  is  not  quite  m  definite  as  the 
lempomtare  of  ebullition  of  the  liquid,  but  rises  somewhat  as  the 
^ate  upon  whieh  it  rests  is  more  intensely  heated. 

S.  Thm  UmptratiurM  of  ike  vapor  from  a  •pkeroid  is  nearly  the 
■amo  as  that  of  the  plate  upon  whioh  it  rests,  whioh  proves  that 
the  Tapof  la  not  disengaged  firom  the  mass  of  the  liquid. 

4.  21l«  rapidity  of  evaporation  from  a  epheroid,  inereaeee  teitk 
Ae  iemperatare  of  the  plaU  upon  which  it  reete,  as  is  proved  by 
the  liiAlowing  experiments  of  Boutigny.  The  same  quantity  of 
water  (O-IO  gramme,  or  1-534  grs.)  was  evaporated  in  each  case. 
With  tJbe  pbbte  at  the  temperature  of  302°,  the  water  evaporated  in  207  seconds. 
With  the  plate  at  the  temperature  of  752°,  the  water  evaporated  in  91  seconds. 
With  tlM  plate  at  dull  red  heat,  the  water  evaporated  in  73  seconds.  With  the 
plate  ni  Iwight  red  heat,  the  water  evaporated  in  50  seconds. 

Water,  in  the  spheroidal  state,  evaporates  much  more  slowly  than  at  the  tem- 
perature of  ordinary  ebullition.  Thus,  when  the  plate  was  at  the  temperature 
of  212^,  0*10  grms.  of  water  evaporated  in  4  seconds ;  and  when  at  the  tempera- 
tare  of  392^,  in  207  seconds,  or  about  one-fiftieth  part  as  rapidly. 

096.  Spheroidal  state  prodaoed  upon  the  Borface  of  liqaids. — 
A  highly  heated  liquid  may  eanse  the  spheroidal  state  in  another  liquid  of  lower 
boiling  point  than  itself 

Than,  Pelouse  found  that  water  assumed  the  spheroidal  state  on  very  hot  oil  of 
turpentine,  although  the  water  is  the  denser  liquid.  Boutigny  has  thus  sustained 
water,  aleohol,  and  ether  on  sulphuric  acid,  nearly  at  its  boiling  point  With 
snfieleni  precautions,  a  number  of  liquids  may  be  thus  piled  one  npon  the  other. 

696.  A  liquid  in  a  spheroidal  state  is  not  in  oontaot  with  the 
Iwated  sorlkoe  beneath. — This  must  appear,  on  reflection  upon  the 
fiicts  already  stated,  and  may  be  demonstrated  as  follows : — 

A  horlsontal  silver  plate  is  surmounted  by  a  tube  of  the  same  metal,  fig.  497, 
whoso  lower  edges  have  two  longitudinal  slits  opposite  to  each  other.  The  plate 
Is  plaeod  npon  the  eolipile  (704)  containing  alcohol,  which  is  nicely  atj^usted  to 
a  porfeet  level  by  the  screws  in  the  triangular  base.  Silver  is  employed  to  avoid 
the  fbmation  of  scales  of  ozyd  of  copper,  which  would  interfere  with  the  obser- 
vation by  interposing  themselves  to  the  light. 

Whoa  the  plate  heated  over  the  lamp  reaohes  the  proper  temperature,  a  por- 
tion of  wator  is  plaoed  upor  its  oentre,  and  immediately  assumes  the  spheroidal 
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may  be  distinotly  iMn.  This  'ooald  not  htppen  if  thm  liqnid  wm  in  «wtMl 
with  the  plate.  If  a  thick  and  heavy  tilrer  eaptale  ia  heated  to  fnll  T 
orer  the  eolipile,  it  mmj,  by  an  adroit  moTement,  be  filled  entirely  with  wilv, 
and  set  upon  a  stand,  some  seoonds  before  the  heat  deelinea  to  the  peint  whes 
oontaot  can  oeenr  between  the  liquid  and  the  m^al.  When  thia  happ«a,  tin 
water,  before  quiet,  bursts  into  steam,  with  almost  explosire  rioknea^  sad  fa 
projeoted  in  all  directions,  as  shown  in  fig.  498. 

697.  A  repnlsiwe  action  is  exerted  between  the  spheroid  and 
the  heated  enrfaoe. — This  proposition  follows,  indeed,  as  a  conse- 
quence of  the  lost  It  has  already  been  demonstrated,  that  a  liquid  does 
not  wet  a  surface,  when  the  cohesion  which  eusts  between  its  particles  is 
double  of  their  adhesion  for  the  solid  (234).  This  adhemon  is  not  oolj 
diminished  by  heat,  but  a  repulsive  action  is  exerted  between  the  bot 
body  and  the  liquid,  which  becomes  more  intense  as  the  tempenUure 
is  higher.  This  repuluTe  acUon  is  strikingly  demonstrated  by  the 
following  experiment  of  Boutigny : — 

A  few  drops  of  water  were  let  fall  into  a  basket,  formed  of  a  net-work  of 
platinum  wires,  heated  red-hot.  The  water  did  not  pass  through  the  meslMi, 
even  when  the  basket  was  rapidly  rotated.  But  when  the  metal  was  snflidenUj 
cooled,  the  water  immediately  ran  through  in  a  shower  of  small  drops,  or  wsi 
quickly  dissipated  in  Taper.  It  would  also  seem,  that  rapors,  like  liquids,  m 
repelled  firom  the  heated  surfisce,  for  Boutigny  found  that  a  hot  silTer  dish  wsi 
not  attacked  by  nitric  acid,  or  one  of  copper  by  sulphuric  acid  or  amaoDit. 
The  latter  substance  had  no  action  upon  either  iron  or  line  at  a  high  tenpera- 
ture.  The  suspension  of  chemical  aflinity  under  eertain  eonditloas  of  high 
temperature,  is  a  fact  of  great  interest  in  the  physics  of  the  globeu 

698.  The  oaoses  whioh  prodnoe  the  spheroidal  font  in  hqoidi 
are  at  least  four : — 

Ist.  The  repulsive  force  of  heat  exerted  between  the  hot  sorfiMS  tad 
the  liquid,  and  which  js  more  intense  as  the  temperature  rises. 

2d.  The  temperature  of  the  plate  is  so  high,  that  the  water  in  mo' 
mentary  contact  with  it,  is  oonrerted  into  Tapor,  upon  whieh  tiis  iplM> 
roid  rests  as  upon  an  elastic  cushion. 
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Sd.  The  vapor  is  a  poor  eondueior  ofhetU,  and  thus  prevents  the  oon- 
daetioB  of  heat  from  the  metal  to  the  glohule.  Another  cause  which 
prevents  the  liquid  from  becoming  highly  heated  is,  that  the  rays  of 
heat  from  the  metal  are  reflected  from  the  surface  of  the  liquid.  This 
is  showiD  by  tlte  fact,  that,  if  the  water  be  colored  by  lampblack,  heat 
in  absorbed,  and  the  evaporation  is  much  more  rapid. 

4tb.  Evaporation  from  the  surface  of  the  metal  carries  off  the  heat  as 
it  ia  absoriied,  and  thus  prevents  the  liquid  from  entering  into  ebulli- 
tion. The  form  of  the  oblate  spheroid,  which  the  liquid  assumes,  is 
the  combined  rssolt  of  the  cohesion  of  the  particles  to  each  other,  and 
the  action  of  gravity  upon  the  mass. 

699.  Freeslns  water  and  meromy  in  red-hot  omoibles. — The 
lemmrirabie  phenomena  of  freesing  water,  and  even  mercury  in  red-hot 
eradblesy  are  striking  examples  of  the  production  of  the  spheroidal 
\  of  liquids. 


Bontigny  plsoed  a  portion  of  liquid  salpharons  acid  in  a.  red-hot  vesse].  It 
ASsviiMd  the  spheroidal  state  immediately,  at  a  temperature  below  that  of  its 
•boUitioD,  that  is,  below  14°  F.  A  little  water  placed  in  the  spheroid  becomes, 
therefore,  cooled  below  33°  F.,  its  freesing  point,  and  is  converted  into  ice. 

Faradaj  placed  in  a  heated  crucible  a  mixture  of  solid  carbonic  acid  and 
•ther,  which  immediately  assumed  the  spheroidal  state.  Into  it  was  plunged  a 
metal  spoon  containing  mercury ;  almost  immediately  the  mercury  was  frozen 
into  a  solid  mass.  The  temperature  in  this  case  was  probably  as  low  at 
— 14«°  F. 

700.  Remarkable  phenomena  connected  with  the  apheroidal 
state. — On  the  principle  explained,  the  hand  may  be  bathed  in  a  vase 
of  molten  iron,  or  passed  through  a  stream  of  melted  copper  unharmed, 
or  one  may  stir  fused  glass  under  water  without  danger.  In  all  similar 
cases,  if  the  temperature  be  sufficiently  high,  the  moisture  of  the  hand 
assumes  the  spheroidal  state,  and  does  not  allow  of  contact  with  the 
heated  mass.  If,  however,  the  hand  is  drawn  rapidly  through  the 
melted  metal,  contact  is  mechanically  produced,  and  injury  follows  this 
rashness.  The  finger,  moistened  with  ether,  may  be,  for  the  same 
reason,  plunged  into  boiling  water  without  injury. 

701.  Ezploaiona  -prodaoed  by  the  apheroidal  atate. — The  ex- 
periment illustrated  by  fig.  499,  may  be  modified  to  illustrate  explo- 
sions, and  some  other  interesting  facte  consequent  on  the  spheroidal 
state. 

A  eopper  bottle,  fig.  490,  is  heated  as  hot  as  possible  over  a  double  current 
^Ump,  and  in  this  state  a  few  grammes  of  pure  water  are  introduced  by  a  pipette. 
The  water  at  onoe  assumes  the  spheroidal  eonditioB,  and  has  a  temperature  (as 
may  be  ascertained  by  a  thermometer)  below  that  of  its  ebullition.  If  the  neck 
•f  the  bottle  is  now  tightly  closed  by  a  good  cork,  the  evaporation  is  so  slight, 
that  tiie  pressure  of  the  vapor  within  is  not  immediately  sufficient  to  drive  out 
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the  oork.  U;  howevtr,  Um  lamp  if  witlidnwa,  the  metal  will  mob 
eienUy  to  allow  oontaet  of  the  water  with  ii.  Than  will  than  ba  fo 
evolation  of  a  large  Tolame  of  rapor  as  to  driTO  the  oofk  ^^ 

firom  the  bottle  with  a  load  ezploaioii. 

Bteam  boiler  ozplosions  maj  aometunw  be 
explained  by  a  knowledge  of  the  funnciplee  here 
elucidated.  Thus,  whenever  from  any  oanee  a 
deficiency  of  water  oconre  in  a  boiler,  at  when  the 
pumps  fail  of  a  supply,  or  when,  by  careening,  a 
part  of  the  flues  are  lud  bare  while  the  fire  is 
undiminished,  a  portion  of  the  boiler  may  become 
heated  even  to  redness.  Water  ooming  in  oontaet  I 
with  such  orer-heated  surfaces,  would  first  assume 
the  spheroidal  state,  and,  almost  at  the  next 
instant,  burst  into  a  yolume  of  vapor  so  suddenly  ' 
as  to  rend  the  boiler  with  frightful  violence.  Numerous  aocidenti  art 
on  record  where  the  explosion  has  been  so  sudden  as  not  to  ei^  tbs 
mercury  from  the  open  gauges.  The  fact  that  explosions  on  our  Ane- 
rican  rivers  have  occurred  most  frequently  just  at  or  after  starting  from 
a  landing,  is  explicable  on  the  view  here  presented ;  the  vessel,  while 
landing  and  receiving  freight,  being  careened,  so  as  to  render  the  expo* 
sure  of  some  part  of  the  flues  possible. 

702.  Familiar  iUaatrations  of  the  spheroidal  atate,  and  efiecti 
of  the  spheroidal  state  of  liquids,  are  not  unfrequent  in  common  life 
and  in  manufactures. 

The  most  oommon  example  of  the  spheroidal  state,  is  that  of  a  drop  of  watir 
on  a  heated  store,  which  mores  around  in  a  spheroidal  mass,  slowlj  evaporatisf. 
The  laundress  determines  whether  her  flat-irons  are  heated  saffieiently  for  her 
purpose  by  touching  the  surface  with  a  drop  of  salira  on  the  finger.  If  it 
bounds  off,  the  iron  is  judged  to  be  heated  to  a  proper  temperature.  In  Ihe 
manufacture  of  window-glass,  constant  application  is  made  of  the  priadplM 
here  explained.  The  masses  of  glass  are  first  formed  into  a  rude  hoUow  ejlia- 
der  by  blowing  them  in  wooden  moulds.  In  order  to  prevent  the  charring  of 
the  mould,  its  interior  is  moistened  with  water,  which,  assuming  the  spheroidsl 
state,  protects  the  wood,  while  it  does  not  injuriously  eool  the  glass. 

Saline  solutions  are  more  efficacious  for  tempering  steel  than  pars 
water.  Now,  as  the  point  of  ebullition  of  saline  solutions  is  hig^ 
than  that  of  pure  water,  contact  between  the  liquid  and  the  metal  is 
produced  sooner,  and  thus  the  steel  is  cooled  more  quickly,  and  the 
temper  is  better. 

Melted  metals,  like  iron  or  copper,  allowed  to  fidl  into  water,  do  not  throw  the 
water  into  riolent  ebullition,  as  might  be  supposed,  but  pass  in  a  brilUaat  stieisi 
to  the  bottom  of  the  vessel,  the  water  in  oontaet  with  the  metal  ssmwing  the 
spheroidal  state. 
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( 10.  The  Btaam-Bngine. 

703.  Historloal. — ^The  prinoiples  involvod  in  iie  construction  and 
theorj  of  the  steam-engine,  hare  already  been  sufficiently  discussed. 
A  few  words  matt  suffice  respecting  their  practical  applications  in  the 
discoTery  and  perfecting  of  this  remarkable  machine. 

For  the  first  mdiments  of  our  knowledge  of  steam  as  a  motor,  we 
moat  go  back,  m  upon  many  other  so-called  modem  inventions,  to 
Egypt,  where,  130  years  b.  c,  Hero,  or  Heiro,  describes  in  his  **  Spiri- 
talia  eea  Pneumaiiea»''  among  many  other  curious  contrivances,  what 
he  cftUs  the  eoUpUe, 

704.  Tte  •oUfrito  is  a  metallic  vessel,  globular,  or  boiler-shaped, 
eoataining  water,  and  provided  at  top  with  two  horizontal  jet  pipes, 
boKft  itoto  the  form  of  an  S. 


,  fig.  660,  is  snspended  over  a  flame,  and  being  free  to  move, 
tbe  water  boils,  the  steam  rashing  oat,  strikes  against  the  atmosphere, 
aad  tibe  reeoil  drives  the  apparatus  around  with  great  ^qq 

rapidity.  This  is  in  faet  a  direct-action  rotary  steam 
engine,  and  nndonbtedly  the  earliest  mechanicsi  result 
achieved  by  steam  power.  It  has  often  been  re-invented, 
in  namberless  forms,  in  modern  times.  In  another  form 
Um  eolopile  is  made  to  blow  by  its  jet  the  flame  of  a  lamp, 
and  in  this  ease  the  boiler  is  fixed  and  filled  with  alcohol  in 
plaee  of  water,  the  jet  descending  through  the  flame  of  the 
lamp  as  in  the  apparatus  seen  in  fig.  497.  Hero  describes 
also  other  devioes  where  steam  was  the  moving  power. 

706.  FiiBt  Bteamboat. — Blasco  de  Garay,  a  sea- 
captain  of  Barcelona,  in  Spain,  in  1543,  moved  a 
▼eeeel  of  200  tons  burthen  three  miles  an  hour  by 
paddlee  propelled  probably  by  steam,  as  the  moving 
force  came,  it  was  said,  from  a  boiler  containing 
water,  and  liable  to  burst.  = 

This  experiment  was  made  on  the  17th  day  of  June,  1543,  in  presence  of 
Commissioners  appointed  by  the  king,  Charles  Y.,  whose  report  secured  the  favor 
•f  the  crown  to  the  projector.  But  what  is  unaccountable,  nothing  more  ever 
came  from  this  singular  success.  De  Garay  probably  employed  Hero's  eolipile 
OB  a  large  scale,  as  Hero's  work  above  named  was  about  that  time  translated 
into  several  languages  and  generally  diffused.  Passing  the  early  efibrts  of  Bap-I 
titta  Porta  and  De  Cans  (a.d.  1615),  of  Brancha  (in  1620),  Otto  Y.  Guerick 
(1650),  and  the  Marquis  of  Worcester  (1663),  we  come  to  the  first  efBcient  steam 
appantns  (that  of  Savary). 

706.  BmwBzy*B  engine. — In  1698,  Capt.  Thos.  Savary  obtained  a 
patent  '*  for  raising  water  and  occasioning  motions  to  all  kinds  of  mill 
work  by  the  impellent  force  of  fire.''  His  apparatus  can  hardly  be 
caHad  an  engine,  or  machine,  since  it  has  no  moving  parts. 
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Fig.  601  ii  SaTuy'a  eagteflu  Two  hvB&n,  L  aad  D,  mn  cwmietii  tigtte 
by  Ui«  pipo,  H.  Two  "oondenNn,"  P  and  P',  aro  ooniMotad  witik  «kt  kiff 
boiler,  L,  by  pipes  entering  at  top  of  both,  moA  eapablo  of  beiag  ritwaiii^y 
ibnt  off  from  the  boiler  by  a  ralTO,  momd  by  Ml 

the  lerer  Z.  By  two  braneh  pipes  beneath  the 
oondensers,  oommnnioation  is  established  at  plea- 
sure, by  the  aid  of  the  ooeks  1,  2,  S,  4|  alternately 
with  the  well  by  T,  and  the  open  air  by  the  ontlel 
pipe  8.  The  boiler,  L,  being  in  action,  the  eon- 
denser,  P,  fbr  ezaanple,  was  filled  with  steam,  the 
ooeks  1  and  3  being  closed.  By  moTing  Z,  the 
condenser,  P',  was  next  filled  with  steam  also, 
eooks  2  and  4  being  closed,  and  at  the  same 
instant  cock  8  being  opened,  the  water  mshed  np 
through  T,  to  fill  the  vaonnm  occasioned  by  the 
condensation  of  the  steam  in  P.  The  lerer,  Z, 
was  then  mored  to  close  P'  and  open  P  again  to 
the  boiler.  Cook  4  now  admitted  cold  water  to 
P',  and  cock  1  being  opened,  the  direct  pressure 
of  the  steam  from  the  boiler  foroed  the  water 
out  of  P,  in  a  stream  through  the  discharge 
pipe,  8.  The  water  in  P'  was  also  discharged 
in  the  same  manner,  and  so  on,  alternately,  each 
condenser  was  filled  with  cold  water,  and  again 
discharged,  maintaining  a  continuous  stream  of  water  from  8.  To  sapply  ihs 
waste  of  water  in  the  boiler,  L,  the  contents  of  the  smaller  boiler,  D,  wsce  from 
time  to  time  foroed  by  superior  steam  pressure  into  L,  through  the  pips  H 
(provided  with  a  yalve  for  that  purpose),  reaching  near  the  bottom  of  D,  wkoss 
capacity  was  such  as  to  fill  L  to  a  suitable  height.  The  boiler,  D,  was  thsa  rs- 
filled  through  the  pipe,  K,  from  the  supply  box,  X,  attached  to  the  disehirp 
pipe. 

All  the  details  of  Savary'a  contriTanoe  show  a  nice  a4ii^>^o*^^  ^ 
means  to  the  end  to  be  accomplished. 

707.  Papln*B  ateam  cylinder,  Nowoomen**  engliia.— Deaji 
Papin  (Pn>f.  of  Mathematics  at  Marburg),  whoee  name  is  oonaeeted 
with  the  high-steam  digester,  suggested  in  1690  the  use  of  steam  to 
produce  a  vacuum  in  lieu  of  the  air-pump  before  used. 

For  this  purpose  he  constructed  the  cylinder  of  sheet  iron,  and  bvQt  a  fin 
beneath  ite  bottom,  to  boil  a  portion  of  water  there  plaeed.  Wbeii  the  cyBnte 
was  filled  with  steam,  the  piston,  before  held  up  by  a  latch,  descended  as  tht 
steam  was  condensed.  No  practical  result  followed  this  clumsy  eontrivaaei^  ca 
which  Papin's  countrymen  rest  his  claims  to  be  considered  as  the  iBventor  sf  ths 
steam-engine. 

Thos.  Nbwcomen,  in  1710,  first  put  in  practice  the  use  of  a  cylinder 
and  piston  in  the  nteam-engine,  in  which  the  steam  was  altematelj 
admitted  and  again  condensed  by  a  stream  of  cold  water.  This  engiiM 
operated  against  the  pressure  of  the  atmosphere,  and  was  eflMteil  n 
only  one  direotbn,  L  e.,  it  was  a  single  acting  engine. 
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708.  The  atmoBpherio  engine  is  well  illustrated  by  the  apparatus 
tbowD  in  fig.  502,  which  was  contrived  by  Dr.  Wollaston,  to  show  the 
nature  of  Papin's  cylinder.  502 

A  glau,  or  metallio  iabe,  #itb  a  bulb  to  bold  water,  i«  fitted  ^ 
with  a  piBton.  Thii  piston-rod  is  hollow,  and  closed  by  a 
•enw  ai  a.  This  lorew  is  loosened  to  admit  the  escape  of  the 
air,  aa#tha  water  is  boiled  orer  a  lamp :  as  soon  as  the  steam 
IwM  liraaly  from  the  open  end  of  the  rod,  the  screw  is  tight- 
aiiad,  and  the  pressure  of  the  steam  then  raises  the  piston  to 
the  top  of  the  tube,  the  experimenter  withdraws  it  from  the 
}amcf,  tlM  flteam  if  condensed,  and  the  air  pressing  on  the  top 
ef  thia  pkKtam  forees  it  down  again ;  when  the  operation  may  be 
nipnAtd  bj  again  bringing  it  over  the  lamp. 
^Sjp  an  Iha  anriy  stenm-aagines,  the  steam  was  condensed 
'  » fljliadar,  either  by  water  applied  externally,  or  by  a 

itiwtim  Hirown  direetly  into  the  cylinder.  It  is  very  obvi- 
g  e  giaat  Ion  of  fbel  and  time  was  thus  involved  in 
( Ifca  fljlindar  np  again  to  212**,  before  a  second  stroke 


VawoaMBV  and  Smbatoh  oonstmcted  very  large  engines,  however,  on  this 
ftioelpk^  and  applied  their  power  directly  to  the  pnmping  of  mines.  Although 
Bwmmffm  introdneed  an  improved  kind  of  mechanical  work  and  many  improve- 
aMnU  la  minor  details,  and  better  boilers,  he  sncoeeded  only  in  raising  the 
swaraga  daty  of  staam-eagines  from  abont  five  and  a  half  millions  of  pounds, 
laiaad  oaa  foot  by  a  bushel  of  coal  (80  lbs.)  burned,  to  abont  nine  and  a  half 
MfWIif**,  in  his  best  engines.  A  good  pumping  engine  now  raises  from  ninety 
to  ana  hnadiad  and  thirty  millions  of  pounds  for  every  bushel  of  coal  burned. 

709.  "Watt's  improwementa  in  the  steam-engine. — The  steam- 
engine  as  it  was  left  by  Smeaton  was,  as  we  have  seen,  only  a  steam 
pomp,  ooDfined  to  the  single  function  of  raising  water,  and  incapable 
of  general  use,  as  well  from  its  imperfections  as  from  the  enormous 
eost  of  Ihel  it  required. — ^Watt,  in  1763,  was  a  maker  of  philosophical 
iastromeots  at  Glasgow,  and  had  occasion  to  repair  a  model  of  the 
Neweomen  engine.  The  study  of  this  machine  and  its  defects,  led 
Watt  to  eonstmot  a  new  model,  in  which  the  steam  was  condensed  in 
a  separate  Tessel,  in  connection  with  which  he  subsequently  found  it 
adTantageoos  to  ose  an  air-pump— to  aid  in  keeping  the  vacuum  good, 
as  it  was  otherwise  vitiated  by  atmospheric  air  leaking  in,  and  coming 
fipom  the  water  of  the  boiler.  These  ideas  were  matured  and  realised 
in  1765,  and  in  1769  he  took  out  his  patent,  in  which  all  the  essential 
iealnres  of  our  modem  steam-eu  j^nes  are  included.  In  connection  first 
with  Mr.  Roebuck,  of  Carron  Iron  Works,  and  subsequently  with  Mr. 
Bonltoo,  of  Soho,  he  put  his  ideas  in  practice,  and  by  reserving  to  the 
patentees  one-third  part  of  the  saving  of  fuel  effected  by  his  improve- 
■Mnts,  his  genius  was  rt warded  by  the  accumulation  of  a  princely 
falane. 
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WaU'a  in  'tntion  of  low  prMsnn  oondflBifng  wagjbum  standi  wilhMt  a  fMnU 
in  tbe  hitter j  of  Mionco  for  the  porfoot  r— liwition  of  nil  Um  oowtitioBi  «l  tti 
problems  to  be  solred — the  perfect  mnitery  of  the  laws  of  nntsre — tht  w 
of  matter,  by  which  they  were  aoeompliehed,  nnf  the  thorovgh  exheutiHit 
the  lubject  even  in  its  minutest  details,  m  that  to  this  di^  wo  have  no  ii 
ments  in  this  machine  inrolring  a  aiaglo  priAetpIo  imkBOwa  to  Walt    latti 
beauty  and  perfection  of  meohanieal  work,  la  tiso  of  parta»  and  tbe^beifft 
of  boilers,  we  haye  machines  greatly  saperior  to  any  Watt  over  taw,  fit  it «« 
his  genius  that  rendered  those  perfections  possible^  and  sappllsd  the  Tiiy  peiv 
by  which  they  hare  been  woifced  oat 

710.  The  low  praMure  or  oondensl&s  e&cino. — ^Tlie  knr  pm- 
sure  engine  is  employed  in  all  ■itnations  where  eoonomj  of  Inel  ted 
the  best  meohenioal  effect  from  it  are  the  roling  eonaidentioai^  lad 
where  lightness  and  simplioitj  of  conslraetion  u  animportant;  Tlui 
muohine  now  remains  almost  exactly  as  Watt  left  it.  Owing  to  tk 
nearly  perfect  Tacnom  ohtained  in  it  by  the  oondeneer  and  airfaap^ 
mach  less  pressure  of  steam  is  required  to  prodnoe  a  (pren  meehaaiiiil 
result ;  e.  g.,  if  the  vacuum  is  equal  to  fourteen  Ibe.  atmoapherie  pnt- 
sure,  then  a  steam  pressure  of  six  lbs.  would  give  an  efficient  moriag 
force  of  twenty  lbs.  to  the  machine.  Hence  the  propriety  of  die  teni 
*'  low  pressure"  engine ;  but  in  practice  it  is  found  adTmntageous  to  est 
higher  pressures  in  the  condensing  engines  than  Watt  erer  ecailam- 
plated. 

Fig.  503  is  a  section  of  the  cylinder,  A,  condenser,  e,  air-pump,  hot  and  eeU 
well,  and  a  view  of  the  moat  important  attached  parts  of  a  modere  eondsasiBg 
engine.  The  cylinder,  A,  is  seen  receiring  steam  at  top  through  the  throttle- 
SOS 


ralre,  a,  driving  down  the  piston,  B,  with  its  rod,  C.    A  strcam  of  eoM  mm 
iiOeoted  into  the  condenser,  e,  has  completely  condonsod  all  tho  realdaal  sfeoi 
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of  tb«  former  stroke  which  has  found  its  waj  from  A  by  the  edaction  pipe,  d, 
•0  thst  the  piston,  B,  is  descending  into  a  nearly  perfect  vacuum  (671).  The 
hot  water  of  this  condensation  is  constantly  drawn  off  through  the  yalve,  k,  by 
Che  air-pnmp  whose  valves,  1 1,  rise  to  allow  its  flow  into  the  hot  well,  I,  whence 
it  llndfl  its  way,  solicited  by  the  plunger  pump,  S,  to  the  boilers  by  the  pipe,  P, 
aad  its  valrea,  o  o.  The  cold  water  pump,  9,  supplies  a  steady  stream  of  cold 
waltr  1^  the  spout^  r,  to  the  oold  well.  By  the  time  the  piston,  B,  has  reached 
iU  loirest  point  of  descent,  the  valve  rod,  V,  and  eccentric  bar,  S,  have  moved 
so  na  to  open  the  lower  steam  ports  and  reverse  the  direction  of  the  piston, 
whon  the  steam  above,  B,  is  in  its  turn  taken  into  the  condenser,  «,  by  the 
•ppropriato  chAnnels,  and  removed  as  already  explained  for  the  downward 
stroke.  The  piston  rod,  C,  and  valve  and  pump  rods,  are  connected  above 
with  (bo  great  working-beam,  whose  further  extremity  conveys  tlie  power  of 
tho  oagino  bj  the  pitman,  Q,  through  the  erank  pin,  II,  to  the  main  shaft,  K, 
OD  whioh  is  the  fly-wheel,  L,  to  give  steadiness  of  motion  to  the  whole  appa- 
ffsiiis.  The  arrows  show  the  motion  of  these  parts  as  the  piston  descends. 
TIm  governor,  s,  eontrols  the  throttle-valve,  a,  by  connections  not  shown  in 
this  drawing. 

711.  The  high  pressnre  engine. — In  this  machine,  the  escape 
steftm  is  driven  out  against  the  pressure  of  the  atmosphere,  and  no 
attempt  11  made  to  utilise  its  oapacity  to  form  a  vacuum,  consequently 
this  form  of  apparatus  oould  be  used  as  well  with  condensed  air,  or 
an  J  other  elastic  fluid,  as  with  steam,  if  there  was  any  other  that  could 
compete  in  economy  with  it.  The  lightness,  simplicity,  and  low  cost 
of  the  high  pressure  engine,  make  it  availa-  504 

ble  in  spite  of  its  uneconomical  use  of  steam, 
in  many  situations  where  a  condensing  en- 
gine would  be  unavailable. 

The  steam  arrives  by  the  pipe,  Z,  fig.  604,  to 
the  Bteaa  ehest,  R,  and  is  admitted  alternately 
bj  the  ports  0d,io  the  top  and  bottom  of  the 
eylindor,  A  A,  as  the  valve  rod,  S,  actuated  by 
tho  ooeentrie,  /,  on  the  main  shaft,  opens  and 
shots  tho  porU  by  the  slide  valve  in  K.  The 
oseapo  steam  makes  its  exit  through  9  to  the 
atmosphoro.  Tho  pitman,  P,  conveys  tho  motion 
f»f  tho  piston,  0,  to  the  crank,  Q,  and  the  main 
shafi,  ott  which  is  tho  large  fly-wheel,  a:,  to 
aoeaiDabito  monontam.  The  flow  of  steam  is 
rogalatod  1^  tho  governor,  V,  whose  balls  fly 
out  with  tho  oentriJbgal  force  of  a  more  rapid 
motion,  and  bj  the  rod,  h  b,  close  more  or  less 
tho  throttlo-ralvo,  s,  whioh  regulates  the  supply 
of  steam ;  tho  pump,  o  o,  supplies  water  to  the 
boiler,  and  is  moved  by  the  rod  and  eccentric,  g,  j 
on  tho  main  shaft. 

712.  The  cut  off. — The  supply  of  steam  both  to  the  high  and  low 
pretsure  engine  is  further  regulated  by  a  contrivance  called  the  **  cut 
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oflf,"  which  may  be  set  to  cut  off  the  flow  of  sieam  eDiirelj,  or  it  105 
portion  of  the  stroke,  as  one-half,  or  one-third.  The  expansioii  of  ths 
stoam  then  completes  the  work,  and  great  economy  of  f^el  is  found  to 
follow  its  use. 

713.  Steam  boilers. — The  form  of  steam  boilers  Taries  Tery  mncb 
with  the  purpose  to  which  they  are  to  he  applied.  On  land,  large 
boilers  may  be  safely  used,  which  would  be  wholly  Talaeless  at  sea,  or 
ou  a  locomotive  engine. 

Plate-iron  strongly  rireted  and  braced,  is  the  material  combining  the  gmt«i 
ecuDomy  and  strength.  Copper  ean  be  used  onlj  when  the  fael  oontains  no  lal- 
phur,  and  is  the  best  material  to  resist  eorrosive  agents.  Simple  cylindrical 
boilers,  laid  horitontally,  with  a  fire-flne  under  the  whole  lower  sorfiMe,  are 
commonly  used  for  high  pressures.  When  these  are  made  large  enoagfc  to 
rcceiro  the  furnaces  within  and  distribute  the  heat  in  interior  flues,  they  are 
called  Cornish  boilers.  When  their 
construction  is  still  further  modi- 
fiorl,  with  reference  to  the  greatest 
))<>s8ible  increase  of  fire  surface, 
they  are  called  locomotire  boilers, 
as  in  the  annexed  figure,  505; 
which  is  the  common  locomotiye 
boiler  seen  in  section.  D,  is  the 
feed-door,  for  fuel  to  the  furnace 
or  fire-box,  A,  which  communi- 
cates by  numerous  small  hori- 
zontal tabes,  entirely  surrounded 
by  water,  with  the  base  of  the 
chimney,  B,  into  which  the  blast  of  exhaust  steam  from  the  engine  is  driven  tt 
K.  E,  is  the  steam  chamber,  whore  a  trumpet  tube  in  the  dome  conveys  the 
dry  steam  on  its  way  to  the  cylinder  through  F.  Steam  boilers  are  supplied 
with  hot  water  by  a  force  pump,  and  gauge  cooks  indicate  the  water  leveL 

714.  Mechanical  power  of  steam. — Horse-power. — As  steam- 
engines  were  originally  employed  to  ta^  the  place  of  horses  in  raising 
water,  it  was  natural  to  estimate  their  power  by  the  number  of  animals 
they  replaced.  The  value  of  any  force  is  correctly  stated  as  the  num- 
ber of  pounds  raised  one  foot,  high  in  a  given  time  (foot-pounds).  Ai 
the  use  of  steam  became  general,  the  term  horse-power  was  retained, 
but  its  use  was  restricted  by  Watt  to  mean  33,000  lbs.  raised  one  foot 
pdr  minute,  or  nearly  2,000,000  lbs.  raised  one  foot  per  hour. 

As  one  cubic  foot  of  water  converted  into  steam  yields,  in  round  nuBiben^ 
1700  cubic  inches  of  vapor,  its  mechanical  efiect  at  atmospheric  pressuns,  is 
equivalent  to  raising  15  lbs.  1700  inches  (or  142  feet)  in  a  tube  of  one  inch  area. 
But  15  lbs.  raised  142  feet,  is  the  same  thing  as  142  times  15  lbs.  raised  onefoo^ 
or  1130  lbs.,  or  nearly  a  gross  ton.  The  total  mechanical  force  de>elt»ped  by 
cl  nging  one  cubic  inch  of  water  into  1700  cubic  inches  of  steam  is,  therefon^ 
nearly  one  ton.  Only  60  or  70  parts  of  this  power  are,  however,  r^vded  as 
a .  fually  available  in  use,  deducting  friction  and  loss  firom  other  eaiv«t«    ThflV- 
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hn,  the  vrmpontioB  of  m  eiMe  foot  of  water  in  an  hour,  subjeot  to  thia  deduction, 
vill  giro  the  full  foree  of  mbout  1000  cubic  inches  of  water  eonrerted  into  steam, 
M  the  ezpreMioB  ef  one-horM  power  (yix.,  33,000  lbs.  X  ^0  s=  1,980,000  lbs.), 
or  nearly  2,000,000  Ibe.  raised  one  foot  This  is  a  somewhat  rough  approzima- 
lioB,  bat  it  girea  eonstants  easily  remembered  and  sufficient! j  near  the  truth. 

A  boiler  of  one-hundred  horse  power  means,  then,  a  boiler  capable  of  evapo- 
tatin^  100  eubio  foei  of  water  per  hour. 

In  practice,  it  is  common  to  allow,  in  large  land  engines,  for  erery  horse 
power,  one  sqnare  foot  of  fire  bars  in  the  grate,  three  cubic  feet  of  fumaco 
rooB,  ten  eubio  feet  of  water  in  the  boiler,  and  ten  cubic  feet  of  steam  chamber. 
Id  loeouDiotiyes  and  steamships,  these  proportions  rary  very  much. 

715.  Braporatins  power  and  valae  of  faoL — In  England,  engi- 
Been  estimate  ten  pounds  of  bituminous  coal  for  every  cubic  foot  of 
water  (i.  e.  every  horee  power)  to  be  evaporated.  In  carefully  con- 
atmeied  boilers,  however,  this  effect  is  produced  by  seven  or  eight 
poonds  of  ooaL  In  the  Cornish  boilers,  where  a  very  large  evaporating 
naStee  is  allowed,  five  pounds  of  coal  only,  and  sometimes  less,  are  used 
par  horse  power.  In  the  United  States,  anthracite  coal  averages  ten 
of  water  evaporated,  for  every  pound  of  coal  burned.  This 
[  give  6*26  Ibe.  of  anthracite  for  each  cubic  foot  of  water  evapo- 
A  well  regulated  current  of  vapor  conducted  over  the  flame  of 
as  ooal  by  Dr.  Fyfe,  raised  the  evaporative  effect  produced  37 
par  cent,  above  what  was  obtained  from  the  unassisted  coal.  This 
increase  is  doe  to  the  decomposition  of  the  steam  by  the  hot  fuel,  niul 
the  oonsequent  effect  of  the  pure  oxygen  on  the  carbon.  Well  scaboiied 
wood  (beech  or  oak),  still  containing  about  20  per  cent,  of  water,  and 
well  dried  peat,  have  about  equal  evaporating  power,  and  are  only 
about  two-fifths  as  effective  as  an  equal  weight  of  ordinary  bituminous 
coal. 

Welter  has  observed  that  those  quantities  of  a  combustible  body  which  require 
an  eqnal  amount  of  oxygen  for  combustion,  evolve  also  equal  quantities  of  heat ; 
although  later  researches  show  this  conclusion  not  to  be  strictly  true,  it  is  sup- 
ported by  many  facts.  In  all  cases  of  combustion,  the  action  is  reciprocal ;  the 
oxygen  is  burned  in  the  tael  as  truly  as  the  fuel  by  the  oxygen,  and,  therefore, 
the  same  amount  of  heat  is  generated  by  a  given  amount  of  oxygen,  whether  in 
eonverting  carbon  into  cariM>nic  acid,  or  hydrogen  into  water.  To  burn  one 
part  of  carbon,  requires  286  parts  of  oxygen  (CO,  s=  16  -:-  6  -=  2-66),  and  to 
bam  one  part  of  hydrogen,  requires  8  parts  of  oxygen.  It  has  been  proved 
•zperimenUlly  (by  Rumford)  that  78  parU  of  water  are  raised  from  32°  to  212° 
by  burning  one  part  of  carbon,  while  one  part  of  hydrogen  so  burned  will  raise 
33^4  parts  of  water  through  the  same  degrees.  It  therefore  follows,  that  one 
part  of  oxygen,  burning  carbon,  will  heat  78  -i-  2-66  =  20-25  parts  of  water 
froai  Bt*  to  212°;  and  also  that  the  same  quantity  of  oxygen,  in  burning 
hydrogen,  will  beat  236-4  ^-  8  =  29-56  parts  of  water  through  the  same  degrees. 
Tbo  heating  eflbet  of  oxygen  may,  therefore,  be  assumed  to  be  30,  or,  in  units 
of  hoetiag  power,  6400. 

It  Iho  boating  offeot  of  pure  carbon  is  tal^ea  at  unity,  the  relative  heating 
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effects  of  oombastibles  will  ran^  as  follows  for  equal  weights: — hydngea,}; 
vegetable  oil,  M5— 122;  ether,  1*02;  carbon,  1;  wood  charcoal,  0*96;  skvbely 
0-86;  ^od  coal,  077;  dry  wood,  0-46;  wood  (with  20  per  eent.  water),  0-S6; 
peat,  0-33— 0-38.<— (Knapp.)     Compare  g  763. 

The  best  expansive  steam-engines,  it  is  calculated,  give  back,  in  tbs 
form  of  mechanical  work,  only  about  18  per  cent,  of  the  heat  geoerated  • 
bj  the  fuel  burned  in  driving  them. 

Prof.  W.  R.  Johnson  (**  experiments  on  ooaV)  and  others,  argue, 
as  the  result  of  experiment,  that  the  total  amount  of  carbon  in  a  fiiel, 
is  the  measure  of  its  practical  evaporative  power.  His  results  very 
nearly  sustain  this  view.  He  found,  also,  that  about  86  per  cent  <^ 
the  total  heating  power  were  expended  in  evaporating  water,  and  about 
14  per  cent,  were  lost  in  the  products  of  combustioD.  Of  the  total 
heating  power,  by  calculation,  about  26  per  cent  were  loet  in  practice,— 
as  deduced  from  the  experimental  effects  stated  in  his  tables. 

{  11.  Ventilation  and  Warmiiig. 

I.    VENTILATION. 

716.  Currents  in  air  and  gases  depend  upon  principles  whidi 
have  already  been  fully  explained, — but  the  subjects  of  ventilation  and 
artificial  heating  are  of  such  great  importance  in  daily  life,  that  they 
demand  a  brief  and  separate  consideration. 

Currents  arise  in  air  from  differences  of  temperature  and  variations 
of  pressure.  The  perfect  freedom  of  movement  in  air,  renders  its  fiao- 
tuations  from  these  causes  incessant.  If  the  air  was  visible,  every 
candle,  gas-light,  stove,  furnace-fiue,  and  human  body,  would  be  seen 
to  be  the  centre  of  an  ascending 
column  of  heated  air,  whose  place 
was  constantly  supplied  by  other  and 
colder  particles. 

On  the  law  of  the  eqailibriam  of  fla- 
ids,  the  ascendiDg  cnrreots  must  indace 
others,  descending  and  horizontal,  and 
thus  a  circalivtory  motion  is  imparted, 
oven  by  a  single  lighted  candle,  to  the 
whole  gaseous  contents  of  a  quiet  apart- 
ment. These  currents  are  made  visible 
whenever  the  candle  smokes.  If  the 
door  of  a  heated  apartment  stands  i^ar, 
and  a  candle  is  held  near  the  top  crack,  c, 
fig.  606,  the  warm  air  of  the  room  is  seen 
to  draw  outwards,  carrying  the  flame  with 
it,  and  a  corresponding  cold  eurrent,  a, 
Rows  in  at  the  bottom, — while  a  point, 
6.  will  be  found,  midway  its  height,  where  the  candle  flame  is  aodistwlMd.    8e 
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ft  window,  partly  op»»  wQl  oecaiion  a  draught  of  eool  air,  blowing  in  at  the 
kottOB  of  the  opening,  and  a  eompenaating  warm  eurrent  will  escape  ontwards, 

•kOT*. 

This  oonstant  interchange  of  motion  in  unequally  heated  masses  of 
air*  whiie  it  socm  pcnsons  the  confined  atmosphere  of  a  close  apartment, 
where  many  pereons,  with  or  without  lights,  are  assembled,  also  supplies 
the  easy  means  of  curing  one  of  the  greatest  evils  of  civilized  oommu- 


607 


717.  Dxaught  In  ohlmneys. — Chimneys  draw  because  the  products 
3f  oomhastion  discharged  into  them,  are  specifically  lighter  than  the 
Mter  air.  The  oolumn  of  heated  air,  C  D,  fig.  507,  rises  with  a  velocity 
|vroportioDate  to  the  excess  of  weight  in  a  column  of  the  outer  air,  A  B, 
of  the  same  area  and  height.  The  laws  of  falling  bodies  (71)  apply 
to  this  case  in  every  partioalar. 

BnppoM,  for  example,  a  ohimney  is  18  feet  high,  and  the  gases  in  it  are 
heated  to  100^  F.,  the  outer  air  being  70^.  The  contained  column  would,  there- 
fore (607),  expand  ^/y,  or  about  -j^th  of  its 
original  bulk  at  70^.  A  oolumn  of  19  feet  of 
•uoh  air  would,  therefore,  be  required  to  coun- 
terbalance one  of  18  feet  high  in  the  exter- 
nal air  at  70^,  and  of  the  aame  area.  The 
heated  air  will,  therefore,  rise  (for  the  same 
reason  that  a  balloon  rises),  with  a  velocity 
equal  to  that  acquired  by  a  body  falling  through 
one  foot,  t.  e.,  a  space  equal  to  the  difference  in 
height  of  the  two  columns— of  equal  weight. 
The  laws  of  gravity,  therefore,  supply  the 
means  of  calculating  the  theoretical  velocity 
of  the  ascending  oolumn,  and  of  course  that, 
with  the  area  of  the  cross  section  of  the  flue, 
will  determine  the  quantity  of  air  passing 
through  the  ohimney  in  a  given  time.  But  the 
frietion  of  the  air  against  the  sides  of  the  flue, 
and  the  varying  density  of  the  products  of 
oombnstion  eompared  with  air,  diminish  the " 
tbeoretieal  velocity,  and  it  is  usual  to  allow  a 

dedaetion  of  one-fourth  for  these  causes.  The  following  rule  will  be  found  to 
give  a  snfioiently  exact  practical  expression  of  the  Telocity  of  air  in  chimneys 
and  ventilating  flues. 

JMiipfy  Ihe  square  root  of  the  difference  in  height  of  the  two  columns 
of  air  {deduced  as  ahote)  expressed  in  feet  and  decimals  of  a  foot,  by 
eight;  deduct  onefourth,  and  the  product  of  the  remainder,  multiplied 
bjf  sixty,  mil  give  (he  velocity  of  efflux  per  minute;  and  ihe  area  of  ihe 
flme  in  feet,  or  decimals  of  afoot,  multiplied  by  ihe  velocity,  will  give  ihe 
mtmber  of  cubic  feet  discharged  per  minute. — (Hood.) 

This  role,  in  the  case  bu|  posed,  would  be  }  (Sl/I)  X  ^0  =-  360  cubic 
48* 
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feet  of  gases  discharged  per  miniite,  by  %  fine  18  feei  lii|^  wad  om  fell 
area,  whose  temperatare  is  30^  aboTe  the  outer  air. 

Chimneys,  in  the  eense  we  meftn,  were  not  kmown  to  the  aaoleiita.  Heke  k 
the  roof,  and  windows  allowed  the  eseape  of  nnoke  from  the  kiteheai  ef  tbt 
Inzurious  Romans.  Bat  the  mild  elimato  of  the  MedHemneaa  shone  did  Ml 
reqairo  much  attention  to  means  of  artiioial  warmth.  In  tho  hoaiei  of  aadsil 
Horculaneum  and  Pumpoii,  exposed  in  modem  times,  there  are  no  ehinmeya 
Bat  even  in  England  and  Franee,  where  fires  in  winter  are  neeoMary,  ehimnflyt 
wero  first  introduced  only  in  the  middle  of  the  14th  century.  The  Cnrfew  BeD 
{eouvre-feuf  fire  corer)  was  needed  as  a  precantion  against  the  danger  of  iiw, 
without  chimneys. 

Reversed  draughts  and  smoky  ohlmneys  oooar,  1st,  when  the 
flue  or  fire-place  is  badly  constructed ;  2d,  when  two  flaes  opea  into 
one  apartment,  or  two  connecting  apartments,  and  thoe  is  a  fire  is 
only  one  fiue ;  3d,  when  a  powerfnl  fire  exists  in  one  part  of  the  hoose, 
as  the  kitchen,  for  instance,  without  an  adequate  supply  of  air  from 
without,  it  will  draw  the  needed  supply  through  the  smaller  fines  ia  ail 
parts  of  the  house,  reversing  the  draught  in  them ;  4th,  when  (as  m 
many  old  houses)  the  flue  is  so  large  that  cold  currents  may  descend  in 
the  angles,  while  a  heated  one  ascends  the  axis ;  5th,  when  a  neighbor- 
ing higher  house  or  eminence  directs,  in  certain  states  of  the  wind,  a 
cold  current  down  the  flue. 

The  remedy  for  reversed  draughts  is  best  found  in  one  commanding 
central  stack,  into  which  all  the  minor  flues  discharge,  while  exhaust- 
ing cowls,  like  fig.  511,  are  the  best  cure  of  smoky  chimneys. 

718.  Produots  of  respiration  and  combustion,  and  necessity 
for  ventilation. — ^By  contact  with  the  lungs,  and  with  burning  fuel, 
the  air  is  contaminated,  chiefly  with  carbonic  acid,  water,  effete  nitro- 
gen, oxyd  of  carbon,  and  animal  odors.  Every  full  grown  individual 
consumes,  in  every  minute  of  quiet  respiration,  about  500  cubic  inches 
of  air.  About  14  ounces  of  carbon  are  burned  by  the  air  out  of  the 
body  of  a  man  in  twenty-four  hours,  and  all  this  is  returned  in  the 
form  of  carbonic  acid  to  the  air. 

Such  air  cannot  be  breathed  again  without  danger.  Mixed  with  the  rar- 
rounding  air,  it  contaminates  that  also.  Headache,  languor,  nneasy  respiration, 
nausea,  fffiutnosa,  and  syncope  are  results  which  always  follow  from  breathiof 
air  contaminated  with  these  poisonous  exhalations,  even  in  very  moderate 
quantity.  Even  two  per  cent,  of  carbonic  acid,  derived  from  respiration  or 
combustion^  may  produce  all  the  symptoms  above  named.  The  full  chemical 
and  physiological  evidence  upon  this  important  subject  cannot  be  here  gtven, 
but  the  evils  arising  from  the  slow  and  insidious  effects  of  the  poison  of  had 
ventilation,  can  hardly  be  over  estimated.  In  ordinary  combustion,  espeei^ly 
with  slow  fires  and  an  imperfect  supply  of  air,  carbonic  oxyd  is  also  pitMhiced, 
and  this  is  one  of  the  gases  most  likely  to  leak  from  hot-air  fumaoes  when  the 
jointb  are  not  tight  It  is  much  more  destructive  of  life  than  carbonie  aeid,  or 
those  guses  of  sulphur,  wbo«e  ^T««etic«  \«  at  once  declared  hy  their  odor. 
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719.  The  quantity  of  vapor  given  off  by  the  body,  in  sensible 
i&d  insensible  perspiration,  and  by  the  lungs,  is  very  considerable, 
being  not  less  than  ten  or  twelve  grains  each  minute,  or  about  three 
poonds  per  day,  which,  with  the  quantity  of  carbonic  acid  expired, 
makes  about  three  and  a  third  pounds,  besides  other  excrementitious 
matter,  g^ven  off  in  twenty-four  hours. 

If  the  air  of  »  erowded  apartment  is  condacted  through  water,  so  mneh  ani- 
mal mattar  is  eolleeted  in  the  water  as  to  occasion  a  speedy  patrefaotire  fennen- 
tation,  with  a  disgusting  odor.  The  blast  of  air  escaping  at  the  upper  ventilator 
of  a  erowded  assembly  room,  Is  so  oppressive  as  to  produce  immediately  the 
Biost  distoessing  symptoms.  While  we  instinctively  shun  all  contact  with 
anelean  persons,  and  what  we  call  dirt,  even  refusing  a  cup  that  has  pressed 
tlie  lips  of  another,  and  esteem  all  water  not  transparent  as  foul,  it  is  marvellous 
with  what  thoughtlessness  we  resort  to  crowded  and  ill- ventilated  public  places, 
■ad  drink  in  the  subtle  poison  exhaled  Arom  the  lungs,  skin,  and  clothing  of 
mrmrj  individual  in  the  assembly.  Especially  when  we  remember  that  while 
tlM  digestive  apparatus  can  select  and  assimilate  nutriment  from  food  of  ques- 
tionable quality,  the  lungs  have  no  such  power  of  selection,  and  can  discharge 
their  duty  to  the  blood  only  by  a  full  supply  of  pure  air.  If  the  transparency 
ef  air  was  troubled  by  the  exhalations  of  the  lungs  as  water  is  by  the  washings 
of  the  body,  no  argument  would  be  needed  to  secure  attention  to  the  importance 
ef  rentilation ;  and  yet  it  is  quite  true  that  the  bodily  health  suffers  more  from 
inhaling  effete  air,  than  it  could  from  drinking  the  wash  alluded  to. 

720.  The  qnantitj  of  air  required  for  good  ventilation,  is  very 
Tarionslj  stated  by  different  authorities.  £nough  fresh  air  must  bo 
supplied,  obviously,  to  replace  all  that  is  contaminated  by  the  lungs, 
the  body,  and  sources  of  iUumination.  But  to  determine  exactly  how 
moch  these  several  sources  of  deterioration  demand,  is  not  so  easy. 
The  amount  of  lur  needed  to  remove  the  products  of  respiration,  is 
very  much  less  than  is  required  to  absorb  the  vapor  of  water  given  off 
from  the  lungs  and  the  skin.  The  quantity  of  vapor  the  air  can  take 
ap,  will  depend  on  its  dew-point  and  temperature.  Hood  estimates 
three  and  one-quarter  cubic  feet  of  air  per  minute,  for  each  individual, 
in  winter,  with  an  external  temperature  of  20^  or  25^  and  a  quarter 
of  a  cubic  foot  per  minute  to  supply  the  waste  from  the  lungs,  making 
three  and  a  half  cubic  feet  per  minute,  or  two  hundred  and  ten  cubic 
feet  per  hour  in  winter,  and  five  hundred  in  summer.  Peclet  estimates 
it  at  two  hundred  and  twelve  cubic  feet  per  hour.  Dr.  Reid  estimates 
the  quantity,  as  high  even  as  thirty  cubic  feet  per  minute  per  individual. 
Brenan  puts  it  at  10*25  cubic  feet 

721.  Prodaota  of  gaa  iUumination. — Every  cubic  foot  of  gas,  of 
arerage  quality,  requires  the  oxygen  of  about  twenty  cubic  feet  of  air 
(tIx.  4*25  cubic  feet  oxygen)  to  burn  it,  and  produces  rather  over  a 
cubic  foot  of  carbonic  acid,  still  more  water,  and,  if  the  gas  is  impure, 
sulphurous  acid  and  compounds  of  ammonia  will  be  added,  which. 
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dissolving  in  the  watery  vapor,  condense  ai>on  and  corrode  famitaie, 
books,  metallic  articles,  &c.  Every  pound  of  coal  gas  burned  prodaoei 
2*7  lbs.  of  water,  and  2*56  lbs.  of  carbonic  acid ;  and,  as  a  cubic  foot 
of  coal  gas  weighs  about  290  grains,  twenty  cubic  feet  will  weig^  t 
pound,  a  quantity  which  four  common  fish-tail  burners  consume  in  an 
hour.  The  capacity  of  air  for  moisture  at  68^,  is  7*31  grs.  per  cubic  foot 
(t  would,  therefore,  require  2373  cubic  feet  of  air  at  68^  to  retain  tbe 
water  from  twenty  feet  of  gas,  and  nearly  five  times  as  much  at  20°  F^ 
not  to  name  the  amount  required  to  dilute  the  carbonio  acid  and  free 
nitrogen  produced. 

It  is  needleu  to  add,  that  the  ventilation  of  gas  bamers  is  an  importect 
matter.  Fortunately,  a  gas  chandelier  affords  one  of  the  best  means  of  pro- 
ducing an  upward  current  in  an  assembly  room.  Candles  and  oil  eonsame  mots 
air,  and,  of  course,  produce  more  effete  products  for  an  equal  amoont  of  lifht 
than  gas. 

722.  The  aotual  ▼entilation  of  boildings  ia  a  practical  prob* 

lem.  to  be  wrought  out  in  each  case,  with  careful  regard  to  the  prin- 
ciples and  facts  just  stated.  The  supply  of  air  required  may  be  obtained 
in  two  ways : — Ist,  by  the  ascending  column  of  heated  air  in  a  shaft, 
drawing  after  it  the  effete  air  to  be  removed,  and  supplying  its  place 
by  fresh  air,  warmed  in  its  progress  to  the  apartments.  This  is  called 
thermal  ventilation ;  or,  2d,  mechanical  force  may  be  508 

employed,  by  means  of  revolving  fan-wheels  driven  by 
a  steam-engine,  or  otherwise,  forcing  the  air  through 
the  apartments  to  be  warmed  and  ventilated.  This  ia 
called  mechanical  ventilation, 

Bj  the  first  method,  Dr.  Reid  ventilated  the  House  of  Com- 
mons in  England.  By  the  second,  Mr.  Rice  ventilated  the 
House  of  Lords  with  a  fan-wheel,  over  thirty  feet  in  diameter. 

723.  Stone'a  ventilating  shaft. — An  excellent  com- 
bination of  the  thermal  ventilation,  with  the  plan  of 
hot-air  furnaces,  so  generally  used  in  the  United  States, 
has  been  devised  by  S.  M.  Stone,  Architect,  which  has 
been  found  eflScient  in  the  New  Haven  City  Prison,  the 
State  Reform  School,  and  other  similar  buildings. 
Fig,  508  shows  a  plan  and  section  of  this  system. 

A  ventilating  shaft  of  brick,  C,  rises  in  the  centre  of  the 
house,  through  the  axis  of  which  passes  a  cast-iron  smoke 
Quo,  A,  carrying  off  the  waste  products  of  the  furnace.  The 
radiant  heat  of  this  iron  flue  heats  the  air  in  the  shaft  B. 
Openings,  D  and  D,  are  pierced  from  the  various  apartments 
into  this  shaft,  and  allow  the  air  of  the  rooms  free  opportunity 
of  escape,  solicited  by  the  powerful  ascending  draught  of  the  vertical  shaft. 
Distant  apartments  are  connected  with  the  shaft  by  horizontal  pipes  of  wood  ar 


HSAT. 


485 


Un.  The  openings,  D,  should  be  eorered  with  wire  gaaie,  and  fitted  with  Dr. 
Amott's  self-acting  noiseless  ralre,  which  allows  the  passage  of  an  upward  cnr- 

fcut  uui/^        I'm:    ul'tililm:i\ii-    ^*jlis    ^  N  j.J.^P^^L.i    1**    J  ^  U  t-.  l  V  \j    tiiiif    ^.J  [.f,L__^-    i.l    Ihj^Ij    .tnd 

w%.rm  air  through  hot  Atr  Qu^a,  ntipf^iidipg  In  the  wdls.  In  fiaDimi;r  tt  would  be 
foapd  needful  l&  ep.tiib1ij|i  a  carrcot  ijq  tbe  ahafi  bj  an  ocfui^lonal  fire  in  the 
farn4£7C„  Qr  bj  a  aperi»]  furnBee  for  tbat  pnrpa^e  m  (he  top  of  eba  boua^^  In 
elliotf  tha  air  taken  into  hnlldingif  taaj  be  strained  through  fine  wirt^  gaux«i  imd 
■pray  of  watcr^  ai  was  accomplished  hj  Dr«  Held  in  the  IIf>tii«  -ot  Otrmmoos. 
Bf  the  rote  (T1T)r  the  power  of  aacb  a  ffbafl  to  diiohargQ  air  oan  bo  i;a1cu1atMU 

724    Cold  ouxrents  produced  by  ice. — RefHgeratom. — ^Air,  in 

contftet  with  ice,  ai^quires,  of  coorso,  a  low  teropcmture,  and  part»  with 
a  larg^  pari  of  its  moisture.  Tbu^,  stiow*cliid  mouQtaln^  and  gtRciera 
niituriillj  send  down  to  the  ^alleyfj  below  a  ourrent  of  cold  &ir,  flowing 
like  water  over  the  surface,  tiitpedatlj  at  night,  when  the  nbs^once  of 
the  »un  prevents  the  Eitfeumulfttion  of  heat  on  the  earth's  surface. 

Adroit  uie  haa  been  tuadi^  of  this  fold  6ty  ^urretit,  in  tbo  conetru(*tion  of  re- 

fHgeratxti^A  for  preacrriag  food  in  warm  wcntber ;  and  the  name  prtnciplo  hat 

b«QD  applied ,  on  a  Large  re  ale,  to  the  oooling  of  lofgo  apartmfititB.     Ftgs*  M>9 

wad  510  show  a  ^setion  and  pleratioD  of  Wm^bip^s  EefHgerator.     The  ie%  A^ 

500 
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llg.  510,  is  iastttined  npon  a  shelf  in  the  upper  part  of  the  box,  surrounded  with 
double  ohareoal  linings.  The  air  enters  by  the  register  openings,  0,  and  oomlng 
in  contact  with  thc^  ioe,  is  cooled,  and  falls  to  the  bottom,  as  indicated  by  the 
arrows,  where  it  finds  its  egress  at  E,  between  hollow  walls,  and  finally  escapes 
at  F,  as  in  an  iuTerted  sypjion.  In  this  way  a  gentle  current  of  about  45®  P. 
is  steadily  maintained  as  long  as  the  ice  lasts,  and,  being  dry,  articles  of  food 
are  preserved  sweet  and  free  from  mould  for  a  long  time.  A  similar  derice  has 
been  used  for  large  Apartments. 

725.  CowlB. — Zbnerson**  ventilaton. — Advantage  is  taken  of  the 
currents  in  the  external  air,  to  aid  in  establishing  ventilation  in  houses, 
and  draught  in  chimneys,  by  the  use  of  Tontilating  cowls. 

These  eontrivanees  are  often  eonieal,  and  hung  with  a  vane,  to  turn  against 
the  wind.    One  of  the  most  generally  approved,  h'owever,  in  common  use^  a^^vca 
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to  b6  the  rentUator  of  Emerson,  fig.  611,  which  is  simplj  »  cone  of  metal,  m- 


511 


m. 


roundiDg  the  flae,  over  whose  vent,  and  »  short  distance 
above  it,  is  sustained  a  diso  of  metal.  If  the  wind  blows 
from  any  point,  its  effect,  on  striking  this  conical  surface,  is 
to  pass  upwards  and  across  the  open  flue,  with  an  increased 
relooitj.  The  result  is  to  solicit  an  upward  current  in  the 
shaft,  as  shown  by  the  arrow,  in  the  figure. 

If  it  is  desired  to  direct  a  current  of  fresh  air  into  the 
shaft,  an  injeettHg  ventilator  is  used,  which  is  simply  the 
above  cone  inverted,  or  two  or  three  such  placed  one  orer  the 
other.  These  are  found  very  efficient  in  projecting  fresh  air 
into  the  cabins  of  ships,  and  other  similar  situations. 

726.  The  supply  of  fresh  air  in  dwellings  is  de- 
rived, in  the  winter,  almost  exclusively  from  the  oracka 
and  joints  of  doors,  windows,  and  other  openings.  In 
all  good  systems  of  general  warming,  this  supply  is 
derived  from  the  open  air,  or  a  free  basement-,  and  is 
warmed  in  its  progress  through  the  heating  apparatus. 
When  it  is  requisite  to  introduce  cold  air  into  a  house, 
it  is  important  to  do  so  in  such  a  manner  as  to  avoid  i 
local  and  sharp  currents ;  for  this  purpose,  perforated 
cornices,  or  openings  covered  by  wire  gauze,  are  provided.  A  too  rapid 
current  is  both  inconvenient  and  costly,  from  the  needless  waste  of  fuel 

In  public  buildings,  the  supply  is  best  obtained  through  a  trench,  or  horizon- 
tal tube,  opening  into  a  clean  area,  and  protected  against  powerful  winds.  The 
injecting  cowl  may  be  advantageously  used  to  cover  the  opening  of  such  a  sup- 
ply. The  distribution  of  the  ascending  warm  current  is  best  made  through  s 
hollow  or  double  floor,  perforated  with  numerous  openings,  while  the  spent  air 
is  taken  off  above,  as  already  described. 

11.     WARMING. 

727.  The  artificial  temperatures  demanded  in  cold  climates 
are  produced,  1st,  either  by  radiant  heat  solely,  as  in  the  common 
open  fire-place,  2d,  by  convection  only,  as  in  hot-air  furnaces  of  every 
description,  in  which  the  air  is  warmed  by  its  passage  through  a  heat- 
ing chamber,  and  then  introduced  into  the  apartments  to  be  wanned, — 
or  3d,  by  radiant  heat  and  convection  united,  as  in  stoves,  and  steao 
or  hot  water  pipes. 

728.  The  open  fire  contained  in  a  simple l^rick  fire-place,  fig.  507, 
whether  coal  or  wood  is  burned,  warms  the  air  of  the  room  solely  by 
radiant  heat.  The  burning  fuel  solicyts  the  air  of  the  apartment  to  be 
warmed  towards  the  chimney,  where,  coming  in  contact  with  the  fire,  it 
parts  with  a  portion  of  its  oxygen  to  sustain  combustion,  is  intensdy 
heated,  and  rising,  escapes  at  the  fiue,  with  the  heated  products  of  oooi- 
bustion.  Hence  only  the  heat  radiated  from  the  bumingfuel  and  hot  walls, 
is  effectual  in  warming  the  apartment,  while  much  the  largest  partof  tbs 
iieat  (three-foarths  to  fonT-fiWia  ot  \Jtv^ ^\tfAss\ «v:i;«.^'^ xx^ 'Oca ^^^slua^. 
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The  genial  effect  and  cheerful  aspect  of  an  open  fire,  combined  with  the  effi- 
cient means  of  ventilation  it  affords,  render  this  old  system  very  popular,  when 
combined  with  some  competent  general  plan  of  warming  the  whole  house. 

Dr.  FrankliD  improved  the  common  fire-place  by  introducing  iron  stoves,  of 
the  same  general  form,  and  connecting  them  with  the  chimney  by  a  circuitous 
pipe,  bj  which  means  a  much  better  economical  effect  was  attained.  Rumfurd 
improred  the  form  of  the  fire-place  very  much,  and  especially  with  reference  to  the 
throal  of  Um  chimney  and  angle  of  the  jambs.  He  also  combined  it  with  a  circula- 
tion of  hot  air  behind  and  at  the  sides  of  the  fire,  so  as  to  obtain  the  effect  of  a  stove. 

SioTei  of  iron,  standing  in  the  apartment  to  be  warmed,  offer,  perhaps,  the 
m€»tt  eeonomieal  mode  for  burning  fuel — bat  when,  as  is  too  often  the  case,  they 
are  eloied  tight^  except  a  very  small  opening  for  draft,  they  are  among  the  vilest 
eontriTaiieet  in  me  for  the  min  of  the  public  health.  The  atmosphere  of  the 
room  maaroidably  becomes  over-heated  and  corrupted  by  the  products  of  respi- 
ration, in  the  almost  universal  absence  of  any  mode  of  ventilation. 

729.  Etot  air  furuaces. — Large  buildings  and  dwelling-houses  are 
freqaentlj  warmed  by  air  heated  in  its  passage  through  a  structure  in 
the  lower  part  of  the  house.  One  of 
the  siniplest  forms  of  apparatus  for 
this  porpoM  is  seen  in  fig.  512,  being 
a  taeliofial  Tiew  of  a  hot  <ur  furnace, 
in  whioh  the  cold  air  entering  at  A, 
passes,  as  indicated  by  the  arrows, 
throagfa  an  extended  system  of  iron 
passages  set  in  brick  work  and  heated 
by  the  products  of  combustion,  and 
the  direct  action  of  the  fire,  F.  The 
heated  air  gains  the  apartment,  m, 
by  openings,  B,  in  the  floor  or  sides 
of  the  wall,  while  the  gases  of  com- 

bostion  escape  by  the  flue,  0.   »Such  an  apparatus  serves  only  to 
illustrate  the  general  principle,  and  would  prove  valueless  in  practice. 

Very  numerous  forms  of  hot-air  furnaces  are  in  use  in  the  United  States,  chiefly 
for  the  combustion  of  anthracite  coaL  They  are  essentially  alike  in  principle,  lut 
very  unlike  in  construction.  All  take  cool  air  from  with- 
out, or  from  an  airy  basement,  and  after  heating  it  in  a 
brick  ehamber,  by  contact  with  surfaces  of  hot  iron  sur-  i 
rounding  the  fire,  and  conveying  away  the  products  of 
eombnst#^n,  distribute  it  by  flues  in  the  wall  to  the  several 
apartments.  Fig.  513  presents  a  sectional  view  of  one  of 
the  best  hot-air  furnaces  at  present  in  use  (Chilson's). 
The  flre  of  anthracite  is  contained  in  a  large  shallow  pot 
of  east-iron,  with  soap-stone,  or  iron  staves,  and  the  heated 
products  of  combustion  are  expanded  in  an  extensive  sys- 
tem of  chambers  of  cast-iron,  all  communicating  with  an 
annular  cast-iron  pipe,  leading  to  the  chimney.  This 
arraDgement  affords  a  very  extended  radiating  surface, 
wilh  fow  JoiLti,  to  allow  the  escape  of  noxious  gases  into  the  surrounding  hoi* 
sir  sbamber.    The  vrowa  iDdioMte  the  direction  of  the  ouTrenU 
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In  fig.  514  is  Been  the  furnace,  sarronnded  in  the  brick  work,  which  is  hoUov. 
The  cold  air  enters  at  the  bottom,  and  being  gentlj  heated  by  contact  with  tht 
hot-air  surfaces  within  the  chamber,  as  well  as  by  the  514 

radiant  heat  from  the  same  source,  it  escapes  by  the 
openings,  o  o,  to  the  various  apartments.  The  extended 
iron  surface  jn  this  apparatus  prey  en  ts  any  part  of  tha 
fhrnace  from  becoming  very  hot,  usually  the  chief  cauaes 
«f  complaint  against  this  mode  of  heating.  Air  is  mate- 
*ially  injured  fur  purposes  of  respiration  by  contact  with 
9ver-heated  surfaces,  owing  to  the  charring  of  the  parti- 
ties  of  dust  and  dirt  always  floating  in  it.  The  chief 
objection  resting  against  this  and  similar  modes  of  heat- 
ing is  the  entire  absence  of  radiant  heat  in  the  aparimentt, 
whose  occupants  are,  so  to  speak,  Immersed  in  a  warm 
air  bath,  and  require,  consequently,  several  degrees  more 
heat,  by  the  thermometer,  for  comfort,  than  when  radiant  heat  forms  a  part 
of  the  means  of  an  artificial  temperature. 

Hot-air  furnaces  are  commended  on  aocoant  of  their  economy  of 
construction,  and  ease  of  management,  and  when  combined  with  a 
good  system  of  ventilation,  such  as  is  secured  by  an  open  fire  in  one 
or  more  apartments,  the  objections  to  them  are  in  great  measors 
removed. 

730.  Heating  by  hot  water,  distributed  in  pipes,  offers  many 
advantages  for  the  salutary  and  economical  distribution  of  heat  The 
high  specific  heat  of  water  (653),  enables  it  to  heat  over  three  thousand 
times  its  own  bulk  of  air  in  cooling  through  a  single  degree  of  tempe> 
rature.  That  is,  one  cubic  foot  of  water,  by  cooling  one  degree,  will 
raise  the  temperature  of  3419  cabic  feet  of  air  a  like  amount;  for 
0*2379  :  1  =  813*435  :  3419.  In  this  proportion  the  specific  heat  of 
air  is  the  first  term,  and  the  third  term  is  the  bulk  of  air  equal  to  a 
unit  weight  of  water.  As  hot  water  ]s  usually  distributed  in  cast-iron 
pipes,  experiments  have  been  made  upon  the  rate  of  cooling  of  these 
pipes,  which  show  that  one  foot  in  length  of  pipe  four  inches  in  diameter, 
will  heat  222  cubic  feet  of  air  one  degree  per  minute,  when  the  differ- 
ence between  the  temperature  of  the  air  and  the  pipe  is  125^  The 
advantage  of  hot  water  as  a  means  of  beating,  depends  much  on  its 
high  capacity  for  heat,  and  its  slow  rate  of  cooling,  by  which  the  tem- 
perature declines  very  slowly,  after  the  fire  is  extinguished. 

For  horticultural  and  manufacturing  structures,  and  other  buildings  where 
largo  pipes  are  not  an  objection,  it  has  prominent  claims.  In  private  hoosss, 
where  the  hot  water  pipes  occupy  a  chamber  in  the  basement,  and  the  air  if 
heated  by  passing  among  them,  all  advantage  of  the  radiant  heat  is  lost,  and 
the  apparatus  becomes  comparatively  ineflBcient,  and  very  costly,  if  a  soflleiat 
number  of  pipes  are  laid  in  to  do  the  work. 

731.  Perkins'  high  preaaare  hot  water  apparatua. — The  system 
just  named  uses  vrater  at  a  very  low  pressure,  ne^^ar  OTor  six  lbs.  to  the 
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inch.    Mr.  Perkins  has,  however,  patented  a  system,  in  which 
water  is  distriboted  in  very  small  iron  pipes,  under  enormous 
■e. 
laa  of  this  syitem  is  seen  in  fig.  515.     A  eoil  of  pipe,  S  (I  inch  outside 
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leh  inside),  is  heated  by  the  fire,/.  The  rising 
tf  is  earriBd  to  the  top  of  the  circulation, 
iMh  story  or  spartment,  a  coil,  e'  e',  e  e,  dis- 
Um  hsal^  the  water  retoming  bj  the  deseend- 
V  f'  f*  f*,  as  indieated  by  the  arrows.  At  the 
point  of  the  eirenlation  is  placed  a  ten  itch 
lied  the  "expansion-pipe,"  fitted  with  a  cock 
sseapa  of  air,  and  the  admission  of  water.  A 
I  Toid  is  left  to  accommodate  the  expansion 
rAler,  which  is  about  one-twelfth  the  whole 
Thus  arranged,  the  temperature  of  the  pipes 
aised  to  any  required  degree — and  in  prac- 
aries  from  300®  to  550** — i.  e.,  from  about  75 
l>oat  676  Ibe.  to  the  square  inch.    No  safety 

used  on  this  apparatus,  and  numerous  ex- 

of  the  fire  coil  have  happened  with  its  use. 
h  temperature  of  the  pipes  endangers  build- 
d  gires  to  the  air  heated  by  it  the  empyreu- 
»iimt  odor,  which  is  so  objectionable  from 
1  stores.  It  is  undoubtedly  more  efficient 
)  low  pressure  hot  water  system.  The  sys- 
ligh  pressure  tteam  pipes  is  very  similar  to 
I  equally  open  to  the  objection  of  orer-heat- 
air,  and  endangering  buildings  Arom  fire. 

Gold's  steam  heaters. — The  radiators. — In  this  system,  the 
radiated  from  surfaces  of  japanned  sheet-iron,  fastened  together 
ts  at  the  bottom  of  concave  depressions  in  the  outer  sheet,  as 
I  fig.  516.    This  arrangement  516 

the  whole  steam  space  into 
•as  communicating  cells,  as  seen 
cross  section,  D ;  the  steam  ar- 
rom  the  hoiler,  fig.  517,  under 
w  pressure  (one  pound  to  the 
)y  the  inlet  cock,  A,  and  the  air 

at  an  outlet  cock  in  the  oppo- 
ner  above.    The  water  of  con- 
on  returns  to  the  boiler  by  the  same  pipe  that  conveys  the 
which  is  made  sufficiently  large  for  that  purpose, 
radiators  are  placed  in  the  apartments  to  be  heated,  either  singly  or  in 
>f  three  or  four,  concealed  under  an  ornamental  screen  and  covered  with 

The  beat,  in  that  case,  is  both  radiant  heat  and  heat  of  convection, 
iators  may  also  be  confined  in  a  space  below  the  apartments,  and  the 
•  wannod  passed  through  or  among  them,  in  which  ease  only  heat  of 
on  rtaehes  tha  apartments,  as  in  the  oommon  hot-air  ftimaoos.    This 
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lystem  if  economical  of  ftiel,  efficient  for  the  moit  sercre  wealhcr,  and  «!« 
combined  with  a  proper  system  of  rentilatioii,  entirely  nnexoeptionable.  It  h§ 
the  great  merit  of  securing  exactly  the  desiivd  degree  of  heat  jnst  where  it  k 
wanted,  however  remote  from  the  boiler,  and  ia,  by  means  of  the  air-cock, 
adjustable  to  any  temperature. 

733.  The  boiler  of  Gold**  steam  heater  is  perfectly  aotmnatie, 
and  is  a  beautiful  illustration  of  the  ease  with  which  so  powerful  an 
agent  as  steam  can  be  brought  under  entire  self-control  and  rendered 
quite  free  from  all  danger. 

Fig.  617  is  an  eleration  of  this  boiler,  set  for  use  in  its  masoniy,  A.  Ths 
water  rises  in  the  tube,  J,  which  is  open  to  the  air,  to  counterpoise  the  pniii«% 
which  is  adjusted  to  one  pound  on  the  inch.  J 
is  therefore  a  hydrostatic  balance.  The  lower 
ash  door,  C,  being  closed,  no  air  has  access  to 
the  fire  except  through  the  side  vent,  E.  This 
closes  by  a  conical  corer  at  the  end  of  a  chain, 
as  soon  as  the  limit  of  pressure  is  reached,  for 
then  the  lever,  F,  rises,  by  reason  of  the  water 
pressing  up  the  elastic  cover  of  F.  A  like  ar- 
rangement, Q,  next  opens  the  upper  feed  door, 
C ;  if  the  fire  is  not  sufficiently  held  in  check  by 
F,  C  continues  to  open  until  sufficient  cold  air 
enters  the  flues  to  reduce  the  steam  to  its  limit 
and  hold  it  there.  The  safety  Talre,  I,  is  like-  I 
wise  under  the  control  of  a  similar  arrangement^  | 
H,  which  comes  into  action  after  F  and  G,  if ! 
needed.  K,  K,  are  the  steam -pipes  leading  to  ' 
the  radiators,  and  the  smoke  reaches  the  chimney 
by  the  pipe,  R.  Such  nice  adjustments  secure  great  economy  of  fbel,  aa  tht 
combustion  cannot  proceed  faster  than  the  demands  of  the  radiators  reqniza. 

{12.  Sooroes  of  Heat. 

734.  Sooroes  of  heat. — Four  great  sources  of  heat  may  be  named:— 

1.  Mechanical  sources, — The  principal  of  these  are  friction,  compres- 
sion, and  percussion. 

2.  Physical  sources,  of  which  the  chief  are  solar  radiation,  stellar 
radiation,  terrestrial  radiation,  and  atmospheric  electricity. 

3.  Chemical  sources,  comprising  chemical  combinations,  the  chief  of 
these  being  combustion. 

4.  Physiological  sources,  comprising  the  production  of  heat  in  li?ing 
beings.  This,  according  to  views  now  generally  received,  is  only  sn 
extension  of  the  third  head. 

I.    MICHANICAL  80URCBS  OF  HSAT. 

735.  Friction. — When  two  bodies  are  rubbed  together,  heat  ii 
generated  by  the  friction  of  their  surfaces.  The  supply  of  heat  (torn 
this  source  is  apparently  unlimited.    As  the  generation  of  heat  if 
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unaocompanied  by  any  change  in  the  oalorifto  capacity  of  the  bodiesy 
aud  generally  by  no  chemical  action,  it  must  be  attributed  to  a  mole- 
cular movement  of  the  bodies  excited  by  friction. 

736.  Quantity  of  heat  produced  by  friction. — The  experiments 
of  Joule  show  that  the  amount  of  heat  developed  by  friction  depends 
3nly  on  the  amount  of  force  exerted,  and  not  upon  the  nature  of  the 
•nbetances  rubbed  together. 

Count  Rumford  poUifhod  in  the  Royal  PhilosopMcnl  Transaotions,  1798,  the 
r«0nlti  of  somo  of  his  experimenta  upon  thif  snbject  A  brass  cannon,  weighing 
113  lbs.,  was  revolved  horisontally,  at  the  rate  of  32  revolutions  per  minute,  against 
ft  blunt  steal  borer  with  a  pressum  of  10,000  lbs.  In  half  an  hour  the  tempera- 
ture of  the  metal  had  risen  from  0O<>  to  130®  F.  This  heat  would  have  been 
Buileient  to  raise  the  temperature  of  5  lbs.  of  water  from  32®  to  212®.  In  another 
experiment^  the  oaonon  was  plaoed  in  a  vessel  of  water,  and  friction  applied  as 
before.  In  two  houn  and  a  half,  18|  lbs.  of  water  actually  boiled.  The  heat 
generated  la  this  ease  was  calculated  by  Rumford  to  be  at  least  equal  to  that 
given  im%  daring  the  same  time,  by  the  burning  of  9  wax  candles,  |  inch  in 
diameter,  and  eadi  S46  grains  in  weight.  A  remarkable  instance  of  the  excita- 
tion of  heat  1^  frietion  is  afforded  by  an  experiment  of  Sir  Humphrey  Davy,  in 
which  two  pieees  of  ioe  rubbed  together  in  vacuo  at  a  temperature  below  32® 
were  melted  by  the  beat  developed  at  the  surfaces  of  contact 

737.  faronmatanoea  which  vary  the  quantity  of  heat  de- 
veloped by  friction. — The  quantity  of  heat  developed  by  friction 
depends^  Ist,  on  the  nature  and  state  of  the  surfaces  (138) ;  2d,  on  the 
pressure ;  3d,  on  the  velocity. 

738.  XUnstrationa  and  application  of  the  heat  developed  by 
friction  are  of  frequent  occurrence  in  common  life. 

When  ft  piece  of  steel  is  struck  by  a  flint,  particles  of  the  metal  are  torn  off, 
and  are  so  intensely  heated  as  to  ignite  in  the  air.  These  heated  particles  fall- 
ing  upon  tinder  or  gunpowder  cause  it  to  bum.  Similar  sparks  often  fly  off 
from  the  iron  shoes  of  horses  as  they  strike  a  stone.  In  grinding  knives  and 
other  instruments  upon  a  dry  grindstone,  or  upon  an  emery  wheel,  a  brilliant 
train  of  sparks  is  produced.  Among  unoiviliied  nations  fire  is  frequently  pro- 
duced by  the  friction  of  pieces  of  wood  against  each  other.  Seneca  relates  the 
same  fact,  and  adds  that  it  is  necessary  to  employ  particular  species  of  wood ;  as, 
lAurel  and  ivy. 

Suflicient  heat  is  caused  by  rubbing  a  match  on  a  rough  surface  to  ignite  the 
phosphorus  on  its  end.  The  axles  of  car  wheels,  and  other  parts  of  machinery, 
when  not  well  greased,  are  sometimes  heated  sufficiently  hot  to  cause  the  ignition 
of  the  surrounding  woodwork.  It  is  by  friction  that  the  brown  rings  sometimes 
seen  on  wooden  articles,  turned  in  a  lathe,  are  produced.  A  pointed  piece  of 
wood  is  held  against  the  rapidly  revolving  article,  the  heat  generated  by  the 
friction  is  sufficient  to  cause  the  wood  to  smoke  and  partially  char  it. 

In  a  few  instances  in  this  country  the  fall  of  water  has  been  used  to  produce 
friction,  and  thus  develop  heat  In  the  state  of  Vermont,  plates  of  iron  were 
rapidly  revolved  against  each  other,  and,  by  the  heat  developed,  the  mill  was 
warmed.  The  thermogenic  apparatus  of  Messrs.  Beaumont  and  Mayer  (Am. 
Tour.  SoL  [2]  XX.,  361)  is  a  most  sueoessftil  contrivance  for  converting  motion 
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into  beat  by  means  of  friction,  and  wbere  then  is  mlnmdaiit  and  eheap  V8l» 
power,  may  be  of  economical  importance  aa  a  sonroe  of  beat. 

739.  ComproMlon.— When  any  sabetuioe  andergoee  a  diminotka 
in  volume,  there  is  generally  a  development  of  heat.  The  evohtioa 
of  heat  by  oompresaion  ia  moat  atrikingly  aeen  in  gaaea  which  imderga 
a  great  diminution  in  volume  by  pressure.  61S 

The  condensing  syringe,  fig.  518,  is  an  admirable 
instrument  for  showing  the  phenomenon  referred  to. 
It  consists  of  a  metal  or  glass  tube  closed  at  one 
extremity.  Into  the  other  extremity  fits  tightly  a 
piston  which  has  a  bit  of  tinder  on  its  end.  When 
the  piston  is  forcibly  driven  into  the  cylinder,  the 
compression  of  the  air  develops  so  much  heat  that 
the  tinder  becomes  ignited. 

Owing  to  the  small  compressibility  of  liquids, 
and  their  great  capacity  for  heat>  it  is  not  easy  to 
determine  the  heat  developed  in  them  by  compres- 
sion. Messrs.  Colladon  and  Sturm  have  obtained, 
with  certain  liquids,  at  a  pressure  of  30  atmospheres, 
an  elevation  of  temperature  of  as  much  as  from  7® 
to  10°  F.  The  heat  generated  by  the  compression 
of  solids  may  better  be  considered  as  by  percussion. 

740.  Peroussion  ia  a  combination  of  frio- 
tion  and  compression,  and  is  an  active  me- 
chanical source  of  beat.  The  amount  of  heat 
developed  by  percussion  seems  to  depend  to  a 
great  extent  on  the  diminution  in  bulk  which 
tlie  body  struck  undergoes. 

This  is  strikingly  shown  by  an  experiment  of 
Berthollet,  in  which  a  piece  of  copper  was  sub- 
mitted to  the  action  of  a  stamping-press.  The  greatest  development  of  beat 
occurred  with  the  first  blow,  where  the  metal  underwent  the  greatest  dimiantioa 
in  bulk,  and  diminished  with  the  succeeding  blows  as  did  the  amount  of  ooa- 
densation.  The  quantities  of  heat  evolved  at  the  first  three  strokes  were  17°  3, 
7°  5,  and  l°-9  F. 

741.  Capillarity. — Pouillet  has  shown  that  the  simple  act  of  mobt- 
ening  any  dry  substance  is  attended  with  a  slight,  yet  constant,  diaen- 
gagement  of  heat. 

Pouillet  operated  on  the  powdered  metals,  the  insoluble  ozyda,  glasa,  brick, 
clay,  Ac.  The  liquids  used  were  water,  alcohol,  ether,  acetio  acid,  turpentine,  Ac. 
The  rise  in  temperature  was  only  from  b°  to  2°  F.  It  appears  to  be  independent 
of  the  nature  of  the  body.  Organic  bodies  of  yarious  kinds  were  operated  npoo ; 
aa,  flax,  wool,  silk,  starch,  wood,  sponge,  ivory,  horn,  Ac. :  with  these  there  is  a 
rise  in  temperature  of  from  .3°  to  18"  P. 

These  results  cannot  be  attributed  to  chemical  action,  for  the  different  liqaidi 
produced  the  same  heat  when  they  were  absorbed  by  the  same  porous  body. 

The  development  of  heat  in  these  caaea  ia  attributed  to  the  ooodeoflft- 
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tion  of  the  liquid  on  the  surface  of  the  solid  which  it  moistens.  It  may 
also  be  due  in  part  to  the  effect  of  the  friction  of  the  liquid  molecules 
upon  those  of  the  solid,  as  they  move  into  their  position  of  equilibrium. 

II.    PHTSICAL  SOURCES  OF  HEAT. 

742.  The  san  is  the  most  abundant  source  of  heat  to  our  globe.  Its 
distance  from  the  earth  is  95,000,000  of  miles.  The  diameter  of  the 
•an  is  aboat  888,000  miles,  or  about  111  times  that  of  the  earth,  con- 
MquenUy  its  volume  is  1,400,000  times  the  earth's  volume.  The  sun 
tarns  on  its  axis  once  in  about  25  days.  Philosophers  are  divided  as 
to  the  cause  of  the  immense  amount  of  heat  which  escapes  from  this 
hodj. 

It  is  oot^jeetnred  that  there  are  three  atmospheric  strata  about  the  sun.  That 
nearest  his  snrfaoe  is  called  the  cloudy  stratum.  It  is  incapable  of  reflecting 
light,  and  is  heavily  loaded  with  vapors.  The  next  in  elevation  is  thought  to 
consist  of  an  intensely  luminous  medium.  To  this  is  attributed  the  diffusion  of 
light  and  heat  Beyond  this  there  probably  exists  a  third  envelope  of  a  trans- 
parent gaseoiis  nature. 

Dark  spots  are  often  seen  on  the  sun's  surface  (by  the  aid  of  a  telescope). 
These  are  of  immense  sixe,  and  often  rapidly  change  their  form.  One  noted  by 
Sir  John  Hertchel  contained  an  area  of  400,000,000  square  miles.  These  spots 
are  supposed  to  be  formed  by  the  opening  and  dispersion  of  the  stratum  of  lumi- 
nous elonds,  revealing  the  dark  mass  within. 

743.  Quantity  of  heat  emitted  by  the  aan. — Pouillet,  by  means 
of  an  instrument  called  a  pyrheliometer,  has  made  observations  from 
which  he  estimated  that  the  amount  of  heat  annually  received  by  the 
earth  from  the  sun,  would  be  sufficient  to  melt  a  crust  of  ice  surround- 
ing the  earth  101  feet  thick.  The  atmosphere  absorbs  nearly  40  per 
eent.  of  the  heat  of  the  sun's  rays. 

From  the  sise  of  the  earth,  and  its  distance  from  the  sun,  it  has  been  deter- 
mined that  the  entire  amount  of  heat  emitted  by  the  sun,  is  2,381,000,000  times 
as  great  as  the  heat  which  it  gives  to  the  earth  ;  and  it  is  calculated  that  the 
intensity  of  heat  at  the  surface  of  the  sun,  is  seven  times  as  great  as  the  heat 
of  an  ordinary  blast  furnace. 

The  fixed  stars,  the  suns  of  other  systems,  notwithstanding  their  great  dis- 
tance, exert  a  very  important  influence  upon  the  temperature  of  the  earth.  It 
has  been  estimated  that  they  furnish  to  our  earth  four-flfths  as  much  heat  as 
the  sun ;  and  that»  without  this  addition  to  the  sun's  heat»  neither  animal  nor 
vegetable  life  could  exist  upon  the  earth. 

744.  Extremes  of  natural  temperature. — Captain  Parry,  in  1819, 
found  at  Melville  Island,  a  temperature  of — 59^  F.,  and  Captain  Black, 
at  Fort  Reliance,  at  60®  46""  N.  latitude,  observed  a  temperature  of 
^•70°  F.  Dr.  Azariah  Smith  records  the  extreme  heat  at  Mosul,  West- 
em  Asia,  in  1844,  as  114''  F.  (Am.  Jour.  Sci.  [2]  ii.,  75.)  At  Bagdad, 
in  1819,  the  thermometer  rose  to  120®  F.  in  the  shade.    In  the  sun,  at 
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Mosul,  near  the  site  of  the  ancient  Nineveh,  Dr.  Smith  records  ti» 
summer  temperature  at  146^  F.  This  is  probably  tip  highest  natanJ 
temperature  authentically  recorded.  Thus,  the  extreme  range  of  natanl 
temperature  observed  is  206^*46  F.  In  this  latitude,  between  sammer 
and  winter,  there  is  often  a  difference  of  110^  F.,  and  in  the  shade, 
comparing  the  temperature  in  the  sun  of  summer,  there  would  be  an 
increase  of  at  least  30®. 

745.  Terrestrial  radiation. — The  heat  which  the  earth  receirei 
from  the  sun,  does  not  penetrate  more  Chan  from  50  to  100  feet  At 
Paris,  this  stratum  (called  the  first  stratum  of  invariable  temperature) 
is  found  at  a  depth  of  86  feet.  Descending  into  the  earth,  below  the 
point  of  constant  temperature,  there  is  a  gradual  and  regular  increase 
of  temperature.  The  amount  of  this  increase  is  about  1^*8  for  every 
hundred  feet  of  descent 

Observations  on  this  point  have  been  extensively  made  in  deep  mines  aad 
Artesian  wells,  and  always  with  a  nearly  constant  result  The  variations  an- 
doubtedly  arising  from  the  nature  of  the  soil,  and  its  condnoUbility  for  beat. 
Water  from  Artesian  wells  has  always  a  higher  temperature  than  surface  water. 
Thus,  the  water  arising  in  the  Grenelle  Artesian  Well  near  Paris,  from  a  depth 
of  about  2100  feet,  has  a  temperature  of  86°  F.  At  NeusaUwerke,  in  Westpha- 
lia, is  a  well  2200  feet  deep.  The  water  rising  from  it  ha«  a  temperature  of 
91°  F.     Compare  ^  204. 

Assuming  the  ratio  given  above  for  the  increase  in  temperature  as  we  descend 
into  the  earth,  at  the  depth  of  two  miles  water  would  boil ;  at  about  23  miles, 
or  only  j^j^  of  the  earth's  radius,  there  would  be  a  temperature  of  2200°  F. 
At  this  temperature  cast-iron  melts  in  the  open  air,  uid  trap,  basalt,  obsidian, 
and  some  other  rocks,  become  perfectly  fluid.  But,  as  Pouillet  observef.  the 
enormous  compression  produced  by  the  weight  of  the  upper  strata  resting  npoo 
the  lower  portions  of  the  earth's  crust,  raises  the  point  of  fusion,  so  that  th« 
point  of  perfect  or  partial  fluidity  is  carried  far  lower  than  a  direct  ratio  would 
give ;  but,  with  due  allowance  for  the  effect  of  pressure  upon  the  temperature 
of  fusion,  the  thickness  of  the  earth's  crust  cannot  be  supposed  to  exceed  one 
hundred  miles. 

746.  Origin  of  terrestrial  heat. — Numerous  theories  have  been 
advanced  to  account  for  terrestrial  heat.  Some  attribute  the  heat  to 
local  chemical  action.  Thus,  Boyle  explained  it  by  the  decompoeition 
of  pyrites — a  view  no  longer  esteemed  tenable.  The  belief  in  a  cen- 
tral fire  within  the  earth,  now  generally  entertained,  is  found  in  the 
mythology  of  many  nations,  originating,  most  likely,  in  observation 
of  volcanic  fires.  For  evidence  that  the  earth  was  once  a  fluid  mass, 
see  {{91  and  102.  This  question  is  of  the  highest  geological  interest» 
and  its  discussion  must  be  referred  to  treatises  on  that  science. 

747.  Atmospheric  eleotrioity. — Another  source  of  heat  is  atoKh 
spheric  electricity,  the  origin  of  which  is,  at  present,  shrouded  in  mys- 
tery.   The  more  usual  form  in  which  its  calorific  powers  are  presented 
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b>  OS,  ifl  Men  in  the  effects  of  a  powerful  flash  of  lightnii  g,  which  not 
imrr(H|uentlj  fu$e#  metals  and  earthy  matte/  with  which  it  comes  in 
con  (net. 

III.    CHEMICAL  SOURCES  OF  HEAT. 

748.  Chemical  combination. — When  two  substances  enter  into 
chemical  combination,  there  is  generally  an  elevation  of  temperature, 
bat  sometimes  also  a  depression. 

Where  there  Is  a  slow  and  gradual  chemioal  combination,  the  deTelopment  of 
bott  cannot  always  be  appreciated.  The  same  amount  of  heat  is  developed  as 
if  the  combination  took  place  quickly,  but,  being  extended  over  a  greater  time, 
it  is  inappreciable  at  any  single  moment,  and  cannot  be  accurately  measured. 

Chemical  combination  sometimes  takes  place  at  the  ordinary  temperature; 
but  it  is  often  necessary  to  heat  the  bodies  before  they  will  unite.  An  example 
of  the  first  class,  is  the  mixture  of  sulphuric  acid  with  water,  or  the  slaking  of 
burnt  lime, — in  both  cases  a  large  amount  of  heat  is  developed.  As  examples 
of  the  second  class,  ere  wood,  sulphur,  and  phosphorus,  which  do  not  inflame 
ai  the  ordinary  temperature. 

749.  Combustion. — When  the  heat  developed  by  the  chemical  com- 
bination of  two  bodies  produces  luminosity,  the  bodies  are  said  to  burn, 
and  the  phenomenon  is  called  combustion.  If  one  of  the  bodies  burning 
is  solid,  it  is  called  ^re;  if  gaseous,  ^^zm6.  As  bodies  are  usually 
burnel  in  the  atmospheric  air,  the  term  combustion  has  come  to  be 
restricted,  in  a  popular  sense,  to  the  union  of  bodies  with  oxygen, 
developing  light  and  heat. 

In  a  chemical  sense,  however,  the  term  combustion  has  a  wider  range,  and 
refers,  f^enerally,  to  chemical  union,  even  when  the  bodies  combining  together 
do  not  evolve  either  light  or  sensible  heat.  Thus,  iron  slowly  rusts  or  oxydizes 
in  the  air,  wood  gradually  decays;  these,  to  the  chemist,  are  as  truly  cases  of 
cmbnstion,  as  those  more  rapid  combinations  with  oxygen,  which  are  accom- 
panied by  the  splendid  evolution  of  light  and  beat. 

750.  On  the  oaose  of  the  heat  generated  by  oomboation,  there 
is  a  great  diversity  of  opinion.  According  to  the  dynamical  theory  of 
beat,  it  is  the  vibratory  motion  of  the  constituent  atoms  of  the  bodies, 
as  they  combine  together,  that  produces  the  rise  in  temperature. 

When  the  state  of  aggregation  of  one  or  both  of  the  bodies  combining 
is  changed,  the  heat  which  was  latent  becomes  sensible ;  or  if  there  is 
a  depression  of  temperature,  as  is  sometimes  the  case,  a  portion  of  the 
sensible  heat  becomes  latent.  When  there  is  no  change  in  the  state 
of  aggregation  of  the  bodies  combining,  it  is  explained  by  the  specific 
heat  of  the  compound  being  less  or  greater,  according  as  there  is  a 
depression  or  elevation  of  temperature. 

751.  The  amount  of  heat  developed  by  ohemioal  action,  is  of 
f  reat  practical  importance,  and  has,  for  a  long  time,  engaged  the  atten- 
tion of  phys'3i8ta.    The  first  experiments  npon  this  subject  were  made 
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Names  of  substances.           j        FormolsB. 

Hydrogen 

Oxyd  of  carbon  .... 

Marsh  gas 

Wood  ohareoal    .... 
Natural  graphite     .     .    . 

Diamond 

Sulphur 

Oleflant  gas 

Good  coal 

Sulphuric  ether  .... 

Wood  spirit 

Alcohol 

Stearic  add 

Acetic  ethto 

Beeswax 

Essence  of  tnrpentiiie  .    . 

Dry  wood 

Peat 

CO 

CA 

CAO 
C,H,0. 

CAO. 

C,H,0, 
CAO4 

The  quantity  of  heat  disengaged  during  the  oc 
body,  is  the  same,  whether  it  attains  at  once  its  ma: 
number  of  times. 

Thus,  carbon  disengages  a  certain  amount  of  bei 
earbooic  add.  The  same  amount  of  heat  is  «to1t 
into  oarbonic  oxyd  and  afterwarda  bomed  to  coBTei 
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^carbom  and  hjfdrofm,  it  greater  inprapartUm  io  the  anunmi  of  carbon 
Iftey  contain, 

3d.  Tke  pyromdriccd  heating  powers  of  different  fuels  are  much  greater 
m  oxygen  than  in  air,  Thue,  between  carbon  and  hydrogen  burfted  in 
oxygen^  there  i»  a  difference  of  12,000^  F.,  in  air  oidy  1500^  F. 

753.  RelatiTe  valne  of  fdel. — In  the  following  table  is  given  the 
abeolate,  specific,  and  pjrometrioal  beating  effects  of  different  combus- 
tibles:— 

TABLE  SHOiriKO  TBI  HEATING*  EFFECTS  OF  DIFFERENT  BODIES  BURNED  IN 

AIR. 


HeatlDg  affaet 

AlMolate. 

Specific. 

Pyrometrical. 

Hydrogen 

02S 

00077 

2000O 

GaMOiig  eombastibles  .    . 

0-80—0  25 

0.00010—0  00027 

1860-1150O 

VegeUbl*  oUS;  Ao. .    .    . 

115—122 

0-30 

Salpharie  ether  .... 

102 

021 

Wood 

0-36— 0-47 

014— 0-28 

1575— 1750* 

Peat 

0-37— 0-65 

1575— 2000O 

Lignite 

043—0-85 

1800— 2200O 

Bitaminoas  coal  (5  p.  c. 

water,  5  p.  o.  aab.)  .    . 

0.70—006 

1.06—1.44 

2200—2350^ 

Peat  charcoal      .... 

0.33—0-85 

2050—2350° 

Wood  charcoal    .... 

0-64— 007 

010— 0-20 

2100— 2450* 

Coke  (not  more  than  6  p. 

caeh.) 

0-84— 0-07 

038— 0-46 

2350—2450® 

The  lighter  woods  bam  more  qnicklj,  witb  a  greater  flame,  and  more  intense 
beat  tban  the  more  dense  woods.  The  amount  and  intensity  of  tbe  beat  from 
the  diflerent  fuels  depends,  to  a  great  extent^  on  their  state  of  dryness. 

754.  Combinations  in  the  humid  way. — Messrs.  Hess,  Andrews, 
and  Graham  have  made  important  researches  upon  the  beat  evolved  in 
oombinations  in  tbe  humid  vray.  Their  principal  results  may  be 
sommed  up  as  follovrs : — 

Ist.  EkjuicaUnts  of  the  different  acids  combining  with  the  same  base, 
produce  the  same  qtianlity  of  heat, 

2d.  Equioalents  of  the  different  bases  combining  with  the  same  acid, 
produce  different  quantities  of  heat :  generally  the  more  energetic  bases  i 
disengaging  the  most  heat. 

3d.  When  a  neutral  salt  is  converted  into  an  acid  salt,  there  is  no  dis- 
engaganent  of  heai. 

4th.  When  a  neutral  sail  is  converted  into  a  basic  salt,  there  is  a  dis- 
engagement of  heat. 

755.  Animal  heat ;  warm  and  oold-blooded  animala. — The  tem- 
panttare  of  organized  beings  is  seldom  that  of  the  medium  which  sur- 
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Toonds  them.    There  is  within  the  liTing  body  a  series  <if  ehemal 
actions  taking  place,  and  these  are  soaroes  of  heat. 

Id  warm-blooded  animals,  as  the  mammifers  and  Mrda,  the  h«Kt  prodaeeiil 
•aoh  instant  compensates  for  that  lost  flrom  the  exterior,  and  Ihiu  the  bodj  » 
kept  at  a  uniform  temperature.  In  oold-blooded  anfanalt,  at  reptiles,  fltbis,  aiA 
mollosca,  heat  is  also  generated,  bnt  so  slowly,  that  their  teospentaveisbitft 
rery  few  degrees  abore  that  of  the  surrounding  medium,  and  oftsa  k  only 
equal  to  it. 

756.  The  oaoae  of  animal  heat,  it  has  long  been  coigectored,  vii 
the  chemical  action  taking  place  within  the  body. 

Crawford  appears  to  have  been  the  first  to  adTance  the  doctrine  that  respiza- 
iion  was  the  cause  of  animal  heat  Lavoisier  supposed  that  Uie  air  undenrmt 
in  the  lungs  a  real  combustion;  its  oxygen  combining  with  the  carboa  and 
bydrogen  of  the  blood,  forming  carbonic  acid  and  the  rapor  of  water.  The 
lungs,  according  to  this  view,  were  the  furnaces,  the  arterial  blood  eanyiag 
the  heat  developed  by  the  combustion  into  all  parts  of  the  body.  This  view  ef 
Lavoisier  has  been  essentially  modified.  A  new  theory,  founded  upon  the  le- 
searcbes  of  Spallanzani  and  Magnus,  is  now  generally  received.  They  delsr« 
mined  that  the  arterial  blood  contained  a  large  quuitity  of  oxygen,  and  the 
venous  blood  a  large  quantity  of  carbonic  acid.  It  has  been  eoneluded  that  the 
venous  blood  reaches  the  lungs  loaded  with  carbonic  acid,  which,  by  endosmoee^ 
traverses  the  humid  walls  of  the  pulmonary  cells,  and  paasea  into  the  air.  Car- 
bonic acid  is  thus  exhaled,  and  oxygen  is  absorbed.  Becoming  then  arterial 
blood,  the  blood  is  forced  through  the  arteries  into  the  capillaries  of  the  diier- 
ent  organs,  where  a  more  or  less  considerable  combustion  of  carbon  takes  place. 

It  has  not  as  yet  been  demonstrated,  that  the  hydrogen  of  the  blood  eombiD«s 
with  the  oxygen  of  the  air.     Indeed,  most  physiologists  think  that  the  \ 
of  water  exhaled  in  respiration,  is  simply  an  evaporation  from  the  Inngt. 

757.  Temperature  of  Tegetablea. — As  the  plant  is  the  seat  of 

numerous  chemical  actions,  so  also  it  is  a  source  of  heat.  The  tem- 
perature of  plants  is,  in  general,  from  0^*9  to  1^*1  higher  than  that  of 
the  surrounding  air.  In  a  few  exceptional  cases,  it  is  much  higher. 
Thus,  the  Arum  cardifolium  of  the  Isle  of  France,  at  the  time  of  blos- 
soming, roaches  a  temperature  of  120^*2  F.,  while  that  of  the  air  is 
about  67^  Plants  attain  their  highest  and  lowest  temperatores  some 
hours  later  than  the  maxima  and  minima  of  daily  temperatore. 

I  13.  Correlation  of  Phjraioal  Foroea. 

I.    MECHANICAL  EQUIVALENT  OF  HEAT. 

758.  Relatlona  of  heat  and  force. — It  is  well  known  that  theie  is 
an  intimate  relation  between  heat  and  mechanical  force,  and  Uiat  ose 
may  be  exchanged  for  the  other.  A  given  quantity  of  one  may  be 
converted  into  a  determinate  quantity  of  the  other,  as  is  shown  in  the 
case  of  the  steam-engine,  and  in  the  production  of  heat  by  meohaniosl 
means  («  735-741). 


*  •      ^ 
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759.  Unit  of  measurement,  the  foot-pound. — In  the  experiments 
opon  the  mechanical  equivalent  of  heat,  the  unit  adopted  in  England 
and  in  this  country,  is  the  foot-pound,  or  the  mechanical  force  expended 
in  raiaing  a  pound  weight,  one  foot  high  (714).  In  France  and  other 
European  countries,  the  unit  adopted  is  the  mechanical  force  expended 
in  raising  one  kilogramme  (2*2046  lbs.)  one  metre  (39*37  in.)  high. 

760.  Determination  of  the  mechanical  equivalent  of  heat. — 
According  to  the  Dynamical  Theory  of  Heat,  the  mechanical  equiTalent 
of  heat  is  independent  of  the  nature  of  the  body  by  whose  agency  the 
transformation  of  mechanical  force  into  heat  is  effected ;  hence  the  same 
result  should  be  arriTed  at,  whatever  course  of  experiment  is  adopted. 
Mr.  J.  P.  Joule,  of  Manchester,  England,  has  made  the  most  exact 
determination  of  the  mechanical  equivalent  of  heat  in  a  series  of  very 
careful  and  elaborate  experiments,  condacied  between  the  yean  IMO 
and  1843.*  He  determined  the  mechanical  equivalent  of  beat  in  a 
number  of  ways,  reversing  the  question,  and  determining  the  aiawst 
of  heat  produced  by  a  certain  expenditure  of  mechanical  foroe. 

One  method  was  by  the  compression  of  gases ;  oomprewifig  tir  vltL 
a  great  force  in  a  copper  receiver ;  in  one  series  'A  «xp«riiiM£U  tl'mfi 
with  air  only,  and  in  another  with  irater.  The  whole  aff*raui»  va« 
plaoed  in  the  water  of  a  calorimeter,  vrfaoee  temperaton;,  \M:jn  laA 
after  the  experiment,  was  carefully  determined. 

The  heat  developed  by  tb«  firietion  of  water  sad  of  oZ.  «u  ^jerrk.-iitA  io.  «■> 
apparatus  oonsisting  of  a  brass  paddle-vbecl,  %%.  %\%,  ksra^  rvm,KfA%  mm^ 
h,  g,  working  between  stationary  vaaes,  c,/.  Tkif  «W«i 
was  made  to  revolve  by  the  deeeeot  of  a  kaowa  wnjp,i, 
and  thns  the  mechanieal  foree  exerted  was  ^aiUenmxutA,  A 
similar  apparatus,  of  smaller  liie,  and  mad*  of  irva.  wm 
ased  for  experiments  on  mereiiry.  In  all  eaeee.  iLe  aff«^ 
ratns  was  plaeed  in  a  sMtallic  vessel  tiled  wish,  tk^  ly^ui, 
sad  the  temperature  noted  before  and  allcr  the  exftcraeca-L 

In  his  experiments  on  the  Crietion  of  *«&ida.  Mr.  JvsA 
ased  an  apparatus  consisting  of  a  Tcrticei  azit.  wxjrsn. 
esrried  a  beveled  east-iron  wheel,  agazait  wnea  a  £s«« 
esst-iron  wheel  was  pressed  by  a  Irrer.  Tbe  enbiOe  wa» 
plonged  in  an  iron  vessel  filed  with  mcnwy.  1m  asjt 
psssing  through  a  hole  in  the  lid.  la  aB  e#  oms*  ea^nvv 
BMnts,  the  temperatnies  were  aotsd  hy  Anssimiffri-  wt;j« 
tion  of  tempesatare  of  the  om  f  e  hsmiriiirb  't£  a  4a%fm  f. 

761.  Results  of  Joal«*a 
grren  the  meet  importnt 
eolnnm  gives  the 
iwnlte  eorreeted  for  a 
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FORCE  RSQUIRSD  TO  HXAT  ONB  FOUND  OF  WATXR  V  F. 


MatorUl  employed. 

Eqaivalent  (In  foot-        Bqairalent  Id 
pounds)  In  air.     i             vaem. 

«-. 

Water,  .     .     . 
Meroury,    .    . 

Caat-iron,  .    . 

773640 
773-762 
776-303 
776-997 
774-880 

772-692 
772-814 
775-352 
776  045 
778  980 

TTr6» 
m-088 

774-987 

ConolQBions  deduced  from  Joale*e  experiments. — 1.  TkeqpMt 
tily  of  heal  produced  by  the  fridion  of  bodies  is  always  praporHonal  h 
the  force  employed. 

2.  T?ie  quantity  of  heat  capal>le  of  increasing  the  temperature  of  ase 
pound  of  water  (weigfied  in  vacuo,  and  between  55^  and  60°)  by  1*  F^ 
requires,  for  its  evolution,  the  expenditure  of  a  meehanieal  force  repre- 
sented by  the  fall  of  772  lbs.  through  the  space  of  cnefoaL 

ConaequenUy  a  force  of  one  horse  power  (714)  would  raiae  42*7  Ibt.  of  wmr 
1®  F.  each  minute,  and  would  bring  it  to  boil  from  60®  in  two  and  a  half  hout. 
Prof.  Thomson  (Phil.  Mag.,  Feb.  1854)  aaya,  it  is  mathematically  demonstrated 
firom  the  dynamical  theory  of  heat,  that  any  substance  may  be  heated  30^  F. 
abore  the  atmospheric  temperature,  by  means  of  a  properly  oontrived  maehiiM 
driven  by  an  agent,  spending  not  more  than  one  thirty-fifth  of  the  energy  of  the 
heat  communicated,  and  that  a  corresponding  machine,  or  the  same  irn^^**** 
worked  backwards,  may  be  employed  to  produce  cooling  effects. 

When  a  body  is  heated  by  such  means,  }f  of  the  heat  is  drawn  frum 
surrounding  objects,  and  ^  is  produced  by  the  action  of  the  agents 

II.    DYNAMICAL  THEORY  OF  HIAT. 

762.  The  dynamioal  theory  of  heat,  which  rests  apon  the  suppo- 
sition that  heat  is  motion,  or  the  result  of  motion,  is  founded  upon  tkt 
constant  relation  which  exists  between  heat  and  mechanical  force. 

763.  Motions  of  the  molecules. — In  this  theory  it  is  aaenmed 
that  (he  particles  of  all  bodies  are  in  constant  motion,  and  it  is  this 
motion  which  constitutes  heat ;  the  kind  and  quantity  of  the  motioB 
varying  with  the  solid,  liquid,  or  gaseous  state  of  the  body. 

Thus  in  Bolid;  it  may  be  assumed  that  the  molecules  are  oontinaally  oidD^- 
ting  about  their  position  of  equilibrium.  This  motion  may  be  ribratami  of  ths 
constituent  atoms  of  a  molecule,  or  of  the  entire  molecule,  and  may  be  ifwitilisiif 
or  rotary. 

In  Itquidtf  the  molecules  have  no  constant  position  of  eqnilibriam,  the  rspil- 
lire  and  attractive  forces  being  nearly  equalised.  The  moremeDto  of  the  liqiSi 
molecules  may  therefore  be  either  vibratory,  rotary,  or  progreasiTa. 

In  g<ue*f  the  repulsive  force  predominating,  the  molecules  move  ODwaH  ii 
straight  lines. 

764.  Changes  in  the  state  or  volnme  of  bodies. — ^This  Tirtr 
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QiXphuns  the  produotion  and  consumption  of  heat,  which  accompany 
changes  of  state  or  Tolume  in  bodies.  The  work  performed  is  partly 
internal  and  partly  external. 

Thus  when  a  toUd  is  melted,  there  is  an  internal  work,  employed  in  changing 
the  relative  position  of  the  molecules,  and  in  consequence,  an  absorption  of  heat 
proportional  to  the  work  aceomplished.  In  oFaporation  there  is  an  internal 
worky  employed  in  separating  the  molecules,  and  an  external  work  in  overcoming 
the  forees  which  oppose  themselves  to  the  expansion  of  the  vapor. 

When,  OB  the  contrary,  a  gas  or  vapor  is  liquefied  by  compression,  the  external 
work  is  supplied,  and  the  internal  work  due  to  the  cohesive  force  which  draws 
the  atmosphere  together,  is  transformed  into  heat.  Again,  when  a  liquid  solidi> 
ies,  the  internal  work  which  unites  the  molecules  is  transformed  into  heat,  and 
spears  as  sensible  heat 

It  is  evident  that  this  theory  would  modify  the  ideas  generally  received  of  the 
amount  of  heat  in  bodies.  Thus  the  heat  which  is  rendered  latent,  when  a  solid 
b  Uqneftedy  cannot  be  regarded  simply  as  being  insensible ;  it  must  bo  consi- 
dered as  being  converted  into  motion. 

III.    ANAL007  OF  LIGHT  AND  UEAT. 

765.  Vibrations  produoing  heat  and  light. — A  careful  conside- 
ration of  the  phenomena  and  laws  of  heat  has  led  many  able  physicists 
to  conclude  that  heat  is  not,  as  was  formerly  supposed,  a  fine  imponder- 
able substance,  but  that,  like  light,  it  is  a  peculiar  vibratory  motion  of 
the  ultimate  particles  of  bodies.  The  exact  nature  of  the  vibratory 
motion  of  atoms  which  constitutes  heat  is  more  difficult  to  determine. 

The  polarization  of  heat  is  best  explained,  like  the  polarization  of 
light,  by  the  theory  of  transverse  vibrations.  On  this  theory  -.: — Heat  and 
light  are  different  effects  produced  by  one  and  the  same  cause^  and  tliey 
differ  physically  only  in  the  rapidity  and  amplitude  of  their  vibrations. 
While  the  phenomena  of  light  are  due  to  vibrations  whose  utmost  range 
of  velocity  is  comprehended  within  the  limit  of  an  octave  in  music 
(531),  vibrations  of  less  rapidity  and  greater  amplitude  produce  heat, 
while  the  vibrations  which  produce  light,  also  in  their  turn  produce  the 
phenomena  of  heat. 

766.  Impressiona  of  light  and  heat. — It  is  natural  to  admit  that 
the  more  rapid  vibrations  of  ether  are  generally  those  which  have  the 
least  amplitude.  In  fact  this  result  is  deduced  from  an  examination  of 
the  spectrum,  which  presents  a  more  feeble  illumination  in  the  blue  and 
Tiolet.  It  is  the  same  with  sounds.  The  more  acute  sounds  have  gene- 
rally the  least  intensity,  while  the  bass  notes  arc  more  prolonged.  As 
grave  sounds  have  little  intensity,  because  their  amplitude  is  great,  so 
with  vibrations  of  the  luminiferous  ether,  we  observe  that  the  extreme 
red  of  the  spectrum  has  but  little  brilliancy. 

Vibrations  impressed  upon  the  air  by  sonorous  bodies  may  produce  upon  us 
Ivo  sorts  of  seosaUons ;  the  one  perceived  by  a  special  organ,  the  ear,  when  the 
43 
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vihrutiond  are  ttufficiently  rnpid,  the  otbor  affecting  the  entire  rarfafce  «f  •■ 
hodiuti,  pnMlui'in^  that  geiicrul  trembling  which  roenlt*  from  energetic  nbift> 
tioM.i,  UM  ill  tho  niso  i>f  thuniUT  or  the  roar  of  cannon.  Only  grave  touiAicoT- 
rcspoud  to  vibratiiHitf  of  smffiriunt  amplitude  to  prodncc  tliitf  general  effect.  Oi 
the*  other  hand.  viliratit>n8  uf  tiiu  great  rapidity,  and  conicquently  too  littU 
iiniplituilo.  may  tail  to  alTi'Ot  crou  tho  car,  a«  is  the  case  with  vibratioDi  oxeecd- 
iii;r  .'>0.;)IH)  i>er  second,  g  ."78.  Wo  may  consider  tho  same  ribration*  cominnnirrtn4 
to  the  other  by  the  mulecules  of  luminous  bodies  as  giving  rise  to  two  sorts  of 
iiupruittiionti ;  the  one  poiMiIiar  to  tho  organ  of  rision,  the  other  affecting  the  vhoto 
Mtrface  uf  the  body  :  thu  former  constituting  the  impression  of  light,  the  oibtr 
;;iving  tho  impresition  of  heat  whuu  the  amplitude  of  the  vibrations  is  safEieientlj 
KreaL 

But  the  colored  rays  which  i>ertatn  to  tho  extreme  violet  of  the  spectruoi  iie 
produced  by  vibrations  which  are  very  rapid,  and  which  consequently  have  rsrj 
littlo  amplitude.  Such  vibrations  are  not  suited  to  produce  the  general  effect 
which  is  denominated  heat  But  when  the  vibratory  energy  is  feeble,  as  in  the 
8i>eclruin  obtained  from  the  electric  light,  there  are  more  crident  signs  of  b«at 
in  the  viulet  portion  of  tho  spectrum.  In  general,  the  less  rapid  vibrations  fonnd 
in  the  yellow,  onuige,  and  rod.  produce  heut,  and  even  beyond  the  exireme  red, 
where  the  vibrations  are  too  slow  to  produce  li;;ht.  the  greater  amplitude  of  the 
vibrations  gives  them  great  power  to  produce  the  phenomena  of  heat.    Oompan 

Aerial  vihrations  of  great  amplitude,  and  a  moderate  degree  of  rapidity,  affect 
the  entire  system  (386).  and  when  less  than  32  per  second*  they  seldom  produce 
the  sensation  of  sound.  >So  also  if  tho  vibrations  exceed  36,500  per  second,  their 
amplitude  is  so  small  that  no  audiblo  sound  is  produced. 

The  gradual  weakening  of  tho  violet  tint  of  the  spectruna,  and  the  exiftenee 
of  invisible  rtiys  beyond  the  extreme  violet,  as  attested  by  chemical  action  and 
fluorescence,  ^^  463,  53.'{,  prove  the  same  thing  in  regard  to  light.  Heat  and 
li;:ht  may  therefore  be  regarded  as  diflcront  effects  of  the  same  cause. 

7()7.  Bodies  become  luminoiiB  by  incandescence. — When  t 
body  is  heated,  the  source  of  heat  first  conununicates  vibrations^  to  the 
ether,  aud  tlieii  to  the  molecules  of  the  body.  The  vibratin<j;  iuo1ecule« 
in  turn  react  upon  tlie  ether,  and  excite  undulations  of  different  lengths; 
tho  longer  vibrations  corresponding  to  the  calorific  rays  of  least  refrao- 
gibility,  will  have  a  greater  amplitude,  and  will  be  the  first  to  becumo 
sensible  as  light. 

Mclloni  di.seovercd  that  the  heat  rays,  emitted  by  bodies  of  low  temperature^ 
arc  hut  little  refracted  by  a  prism  of  rock-salt,  but  as  the  heat  of  the  bodj 
bei'oiues  more  intense,  and  the  amplitude  of  all  the  vibrations  may  be  consi- 
dorod  greater,  the  rays  of  heat  are  more  refracted,  the  more  refrangible  njt 
appear  as  light,  and  the  body  becomes  luminous.  This  result  takes  place  at  the 
teuiperatnre  of  ahoul  947°  Fahrenheit,  whatever  be  the  nature  of  the  luminoos 
suhstunec.  Draper  formed  a  spectrum  by  moans  of  light  from  a  narrow  opeaing, 
and  examined  with  a  lens  and  micrometer  tho  positions  of  tho  dark  linei  of 
Fr:iunhofer  (ICl).  He  afterwards  employed,  instead  of  tho  narrow  openiog,  a 
platinum  wire,  the  temperature  of  which  he  caused  to  vary  by  meai^s  of  an  electric 
current,  more  or  less  intense,  and  ho  found  that  the  red  part  of  the  specinua 
appeared  first,  and  as  tho  heat  and  brilliancy  of  tho  wire  increased,  the  otbv 
floiurs  of  the  spectrum  succesftvveV^  av\>«KT«4  ^^  \()  tVv«  violet     Thia  resolt  ii  to 
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Wwttful  li»nnoiij  witk  the  theory  stated  above.  Comnmn  (bservutiou  also 
thoira  that  a  heated  body  becomes  first  red,  then  yellow,  purple,  and  at  length 
a  fUl  white  heat.    Compare  {  178. 

768.  Heat  and  light  prodaoed  by  chemical  and  mechanical 
action. — It  is  easy  to  understand  that,  in  the  niolci'iilnr  coiidiot  which 
eiinstitutes  chemical  action,  the  ether  around  the  nxilr^cnlos  will  be 
rinlently  agitated,  and  ))ecome  the  seat  of  undulations  uf  diiTeront 
mpiditj.  If  the  chemical  action  is  weak,  the  vihrations  will  be  eluw, 
and  thej^  will  hare  only  sufficient  amplitude  to  be  Nousibic,  and  it  lias 
been  ol»served  that  the  hent  thu4  produced  furnishes  rays  more  and 
more  refrangible  as  the  chemical  action  becomes  more  active.  When 
this  action  becomes  sufficiently  energetic  to  give  to  the  more  rapid 
▼ibrations  a  sufficient  amplitude,  light  accompanies  the  heat. 

Experiments  show  that  the  color  of  the  laminous  rays  depends  upon  the  nature 
of  the  substance  from  which  they  proceed,  and  it  is  also  probable  that  the  tem- 
perature at  which  light  l>egins  to  appear,  dependfl  also  on  the  nature  of  the 
rabstanee  or  the  color  which  it  gives  forth.  Wo  can  easily  understand  that  the 
nature  of  the  molecules  will  affect  the  rapidity  of  the  vibrations,  and  we  may 
presume  that,  if  it  were  possible  to  augment  gradually  the  energy  of  the  chcnii- 
eal  action,  we  should  find  the  temperature  at  vrhirh  light  begins  to  appear  is 
more  elevated  in  proportion  as  the  color  of  the  light  which  the  jin))8tan(.*«*  affonls 
approaches  to  white  or  violets  This  conjecture  is  coiifinned  by  the  fact  that  tho 
incandescence  due  to  clicmical  action,  when  it  is  feirhh?.  gives  forth  rwl  light. 

In  merhnmir'tf  nrtion,  the  vibrating  muleculoH  impress  upon  the  ether  vil>ra- 
tions  of  different  rapidity,  and  when  the  action  iii  sufficiently  violent,  h.«  in  tho 
shock  of  two  flint.s,  or  in  the  sudden  compression  of  a  gas.  light  is  emitted  in 
connection  with  the  heat.  Here,  again,  if  we  could  graduate  the  inteui^ity  of  tlic 
action,  we  ought  to  obtain  a  color  approaching  more  nearly  to  white  as  the  me- 
chanical aetiiin  is  more  energetic. 

We  thus  see  how  the  effects  which  heat  and  light  excrebc  upon  bodies  can  bo 
explained  by  the  theory  of  undulations. 

The  phenomena  of  heat  in  the  interior  of  bodies  are  more  difficult  to  compre- 
hend, and  it  is  impossible  to  explain  them  by  the  system  of  emission  :  but  by 
eomparing  them  with  other  effects  in  elastic  bodies,  they  arc  readily  cxplaine<l 
by  the  theory  of  undulations. 

769.  Dilatation  aud  change  of  state. — The  heat  received  by  a 
I Mxi J  agitates  the  ether;  this  agitation  is  communicated  to  tho  mole- 
cules and  the  volume  of  the  b«>dy  is  increased  in  proportion  as  the 
amplitude  of  the  oscillation  of  the  molecules  becomes  greater.  It  is 
thu^c  that  bodies  which  vibrate  longitudinally  appear  larger,  and  a 
vibrating  cord  appears  swollen.  In  the  same  manner,  obstacles  opposed 
l»  vibrating  parts  become  repelled,  if  they  are  so  light  as  not  to  arrest 
the  vibrations. 

This  explanatioa  leads  us  to  a  very  simple  and  clear  definition  of 
Irmperature: — Ttmpei'ature  connsta  in  the  vibratory  state  of  the  ether 
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within  ike  body,  and  its  intensity  depends  npon  (he  ampliiude  o/lk 
vibratiotis. 

Tbo  theory  of  changes  of  tcm|>oratnro  is  OBtanllj  cxplaiDed  bj  the  tendowj 
to  cstnbltHh  an  equilibrium  between  the  amplitude  of  the  Tibimtioni  of  bote 
near  each  other,  throu;;h  the  medium  of  the  other  which  fills  the  ipaeo  this 
hopuratcs  them.  The  molecule?  of  bodies  should,  therefore,  bo  considered  si  ii 
a  pcr}K>tunl  stato  of  agitation.  There  can,  then,  be  no  ab*olHU  »ro  onlj  when 
there  is  a  }«toto  of  perfect  repofie, 

Tho  only  difficulty  in  admitting  the  existence  of  mieh  a  state,  is  the  (aet  Uiftt 
celot<tial  vpace  is  certainly  filled  with  agitation  by  the  transmission,  in  cvciy 
portsihlo  din^ction,  of  the  different  radiations  which  emanate  from  the  maltitade 
of  stars  which  people  space. 

Change  of  state  produced  by  heat. — If  the  motion  of  the  mole- 
cules is  sufficiently  energetic,  they  leap  out,  as  it  were,  from  each  otLer. 
and  become  independent,  as  a  glass  rod  vibrating  rapidly  in  the  direc- 
tion of  its  length,  is  divided  into  many  pieces.  We  thus  explun  th« 
phenomena  of  fusion. 

If  we  roTort  to  tho  theory  of  the  mechanical  equivalent  of  heat^  we  can  under- 
stand how  the  conrcrsion  of  heat  into  mechanical  work,  and  rice  rrr»a,  ii  i 
direct  consequence  of  the  preceding;  for,  according  to  this  theury.  heat  ia  i 
species  of  motion,  and  the  work  which  prcxiuccs  this  motion  of  the  ether,  ought 
to  be  changed  into  ribrations  of  this  latter  sort ;  that  is,  it  should  be  tranffomcd 
into  heat. 

It  is  the  same  with  tho  racithanical  work  doreloped  by  a  ribrating  body.  Tbs 
work  represented  is  that  which  has  been  expended  in  putting  it  into  ribratitHi. 
The  heat  doTcloped  in  moving  bodies,  by  electro-dynamic  induction,  and  the 
work  which  it  represents,  are  all  related  to  the  same  theory. 

770.  Quality  of  heat  changed  by  absorption  and  radiation.— 

In  all  experiments  upon  radiant  heat,  it  has  been  observed,  that  h<»t, 
once  absorbed,  retains  none  of  the  peculiarities  of  the  source  fnim 
which  it  was  derived ;  but  its  rcfrangibility  and  other  properties,  when 
again  radiateil,  depend  only  on  its  temperature,  and  the  nature  of  the 
body  from  which  it  is  again  emitted. 

Heat,  trnn emitted  through  diathermanous  bodies,  appears  to  bo  sifted,  or  to 
leave  behind  some  of  those  rays  which  are  transmitted  with  difiicnlty  throngb 
that  substance;  so  that  a  larger  percentage  of  the  remaining  heat  will  be  tnas- 
mitted  through  another  similar  screen. 

Even  rock-iialt,  generally  considered  colorless  for  heat  (fi46),  has  been  foond, 
by  the  later  ri'scurchcs  of  Prof.  Forbes,  to  transmit  a  somewhat  greater  propor- 
tion of  heat  of  hi^h  U.>mperature  than  of  heat  of  low  temperature. 

It  is  well  known  that  heat  of  groat  rcfrangibility,  or  small  ware-length,  pasKf 
more  readily  thr(»ugh  glass  and  mica  than  heat  having  the  opposite  qaalitiefc 
The  difficulty  with  which  heat  radiated  by  rock-salt  penetrates  thc:^e  sabstaiicei» 
as  compared  with  ordinary  heat,  would  lead  us  to  infer  that  boat  from  roek-sall 
has  a  greater  wiivc-lcugth  than  ordinary  heat  radiated  from  lampblack.* 

*  See  an  ablo  article  on  radiant  heat,  by  B.  Stewart,  Esq.,  in  tho  Tnn&if 
Royal  Soc.  of  Edinburgh,  Vol.  XXII.,  part  I. 
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771.  Diflerenoe  between  quantity  and  intensity  of  heat. — 
Another  curious  fact  connected  with  this  subject  is,  that  no  amount  of 
heat  of  low  temperature  can  be  so  applied  to  an  object  as  to  raise  it  to 
a  higher  temperature  than  that  of  the  source  from  which  the  heat  ema- 
nated. Thus,  the  heat  of  the  sun,  when  absorbed  by  a  blackened  wall, 
and  radiated,  cannot  be  again  raised  to  the  intensity  requisite  to  ignite 
ordinary  combustible  substances,  which  are  readily  ignited  by  the  direct 
rays  of  the  sun  concentrated  by  a  burning-glass. 

The  same  degradation  of  heat,  or  loss  of  intensity,  is  observed  in  condensing; 
8t«aai  in  distillation.  The  whole  heat  of  the  steam,  both  latent  and  sensible,  is 
transferred  without  loss  to  perhaps  fifteen  times  as  much  condensing  water ;  but 
the  intensity  of  the  beat  is  reduced  from  212°  to  perhaps  100°  F.  The  heat  in 
not  lost ;  for  the  fifteen  parts  of  water  at  100°  are  capable  of  melting  as  much 
iee  as  the  original  steam.  But  by  no  quantity  of  this  heat  at  100°  can  tem- 
perature he  raised  abore  that  degree;  no  means  are  known  of  giving  it  inten- 
sity. 

If  heat  of  low,  is  ever  changed  into  heat  of  high  intensity,  it  is  by  mechani- 
cal moans,  as  by  the  compression  of  gases  or  vupors  to  a  smaller  volume,  when 
ihe  temperature  is  elevated,-  but  this  is  rather  the  conversion  of  mcchanicul 
force  into  heat,  than  the  elevation  of  the  intensity  t)f  heat  previously  existing 
as  such,     (irraham's  Chemistry,  Vol.  I.,  p.  100. 

It  is  stated  that  Dr.  Wollaston  received  the  beam  of  the  full  moon,  coiicen 
trateti  by  a  powerful  lens,  in  his  eye,  without  feeling  the  least  heat.  Melloni 
obtained  only  an  extremely  feeble  indication  of  heat,  by  concentrating  the  rays 
of  the  moon  by  a  lens  over  three  feet  in  diameter,  and  directing  the  brilliant 
focus  of  light  upon  the  face  of  a  very  sensitive  thcrmo-multiplier.  This  may 
merely  show  that  the  heat  reflected  or  radiated  by  the  moon,  has  become  heat  of 
too  low  intensity  to  pass  through  a  glass  lens,  or  to  warm  bodies  at  the  ordinary 
terrestrial  temperature. 

All  these  phenomena  arc  more  readily  explained  on  the  undulatory  theory, 
than  by  the  theory  of  emission. 

772.  Conclusion. — We  conclude,  from  what  has  been  stated,  that 
the  theory  uf  undulations,  which  so  completely  explains  the  phenomenu 
of  heat  and  light,  as  well  as  the  different  sensations  produced  upon  our 
organs  by  the  two  sorts  of  radiations,  may  also  enable  us  to  compute, 
with  a  little  uncertainty  in  some  cases,  the  diflferent  effects  which  heat 
and  light  exercise  upon  bodies.  We  see  that  heat  and  light  are  due  to 
the  same  cause,  to  ethereal  vibrations  ;  and  that  the  same  vibrations  als  > 
produce  the  two  sorts  of  effects  when  their  amplitude  is  sufficient,  and 
their  rapidity  comprised  between  certain  limits. 

It  remains  only  to  explain,  by  these  movements  of  the  ether,  the  numerous 
and  eomplex  phenomena  which  are  presented  to  us  by  electricity. 

It  is  possible  that  these  effects  are  produced  by  either  longitudinal  or  rotary 
▼ibrataons,  which  accompany  the  transverse  vibrations  corresponding  to  light 
and  heat. 

But,  while  it  is  very  easy  to  understand  the  facts  relative  to  the  propagation 
of  electricity,  it  is  somewhat  difficult  to  conceive  bow  vibratory  movements 
45* 
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prodoco  attraction  and  repulsion.     We  ought  not  tn  regard  thif  difieoKj « 
Insurmoantable,  eipecially  wlien  we  remember  that  polarisation  vaa,  foraloeg 
time,  considered  inconsistent  with  ethereal  Tibrations,  nntal  the  idea  of- 1 
Torse  vibrations  dissipated  the  objection,  and  gare  new  eleameaa  to  the  vbdt 
series  of  phenomena. 

If  this  difficulty  were  once  conquered,  there  would  appear  a  poisibilitj  of 
uniting  to  the  system  of  ethereal  vibrations,  the  grand  phenomena  of  uniTcml 
gravitation,  which  has  been  attempted  hitherto  without  success. 

But,  when  all  the  phenomena  of  nature,  in  their  infinite  variety,  are  redaccd 
to  one  and  the  same  cause,  wonderful  simplicity  will  be  joined  to  the  idea  whtd 
we  form  of  the  power  and  majesty  of  the  Grbat  Author  of  all  things. 

To  bring  the  detailed  study  and  interpretation  of  facts  to  prove  this  gmd 
unity  of  cause,  is  the  mission  which  science  should  propose  to  herself  at  ths 
present  day. 

This  close  correlation  of  physical  forces,  is  in  harmony  with  recwt 
philosophical  views  entertained  by  many  of  the  first  Physicists  of  our 
time,  but  by  no  one  more  felicitously  expounded  than  by  Prof.  Grove.* 

A  full  and  satisfactory  discussion  of  this  subject  will  be  found  in  the 
excellent  Traitfe  de  Pliysique  of  Daguin  (Vol.  III.,  1859),  from  which 
the  foregoing  is  condensed. 


Problems  on  Heat. 
Thermometers. 

209.  What  number  of  Ceutij^rado  and  Reaumur  degrees  correspond  to  the  fbl 
lowing  temperatures  in  Fahrenheit's  degrees  ? 

Molting-puiut  of  mercury,      .....  ,     — 40°  F. 

"  "  bromine,      .  .  .  .  .  .     —  4 

"  *'  white  wax, -|-158 

"  "  sodium, 194 

"  •'  tin, 442-4 

"  "  antimony 771-8 

Incipient  rod  heat,         .......       977 

Clear  cherry-red  heat    .......    1,832 

Dazzling  white  heat, 9.732 

210.  llow  many  Fahrenheit  and  Reaumur  degrees  correspond  to  thefoUowiDg 
temperatures  in  Centigrade  degrees  ? 

Temperature  of  maximum  density  of  water, 
Boiling-point  of  liquid  ammonia, 

"  "  sulphurous  acid, 

"  "  alcohol, 

"  '*  phosphorus, 

"  "  mercury, 

211.  How  many  times  must  the  capacity  of  the  bulb  of  a  thermometer  exceed 
the  capacity  of  the  tube,  in  order  that  the  thermometer  may  measure  taBi)cra> 
turos  from  40°  below  zero  to  500°  F.  ? 

*  The  Correlation  of  Physical  Forces :  pp.  229.     London,  18ft5. 


-f3°S7  C. 
—40 
—10 
-f75 

290 

360 


HEAT.  507 

Ezpansion. 

212.  If  rods  of  the  following  Bubstances,  iron,  brMs,  copper,  glass,  platinum, 
■ilTer,  measure  each  3  feet  2  inches  in  length  at  the  temperature  of  50^  F.,  irhat 
will  be  their  respective  lengths  at  temperatures  of  10°,  25°,  75°,  and  100°  F.  ? 

213.  If  a  glass  globe  holds  exactly  one  gallon  at  60°  F.,  what  will  be  its  ca- 
pacity if  measured  at  the  temperature  of  boiling  water? 

214.  If  a  railroad  is  constructed  in  winter,  when  the  arerage  temperature  is 
26°  F.,  how  far  apart  must  the  ends  of  the  iron  rails,  18  feet  long,  be  laid  to 
allow  sufficient  room  for  expansion  at  the  temperature  of  120°  F.  ? 

215.  What  change  of  temperature  is  required  to  produce  an  elongation  of  3 
inches  in  a  portion  of  the  Britannia  tubular  bridge  (^  172),  017  fcot  in  length  ? 

216.  Oas-pipes,  laid  3  feet  below  the  surface  of  the  earth,  are  exposed  to  a 
change  of  temperature  of  60°  F.,  from  summer  to  winter ;  what  is  the  extent  to 
which  the  joints  (10  feet  apart)  will  be  opened  in  winter,  if  the  strain  is  equally 
divided  among  the  several  joints  ? 

217.  Calculate  the  lengths  of  the  steel  and  brass  rods  required  to  adapt  Ilarri- 
ton's  gridiron  pendulum  to  vibrate  seconds  at  the  following  places :  London, 
Paris,  New  York,  and  St  Petersburgh. 

218.  Reduce  the  following  heights  of  the  barometer,  observed  at  the  annexed 
temperatures,  to  the  equivalent  heights  at  the  freezing-point: — 


1. 

30-1  in. 

1  =  40°  F. 

5. 

23  2  in. 

t  =  50°  P. 

2. 

29-4  " 

<  =  25° 

6. 

24-7  " 

«  =  80° 

3. 

279  " 

<i-=65° 

7. 

17-4  " 

t  =  19° 

4. 

28-3  " 

1  =  76° 

8. 

15-8  " 

t  =  10° 

219.  Reduce  the  following  barometric  obsen'ations  made  at  8°  C,  to  the  tem- 
peratures indicated  by  the  values  of  (,  given  below  : — 

1.     24     in.     reduce  to  <  =  30°  C.       I      3.     28-5  in.     reduce  to  t  =  65°  C. 
2     27-5  "  "      "  <  =  25°  I      4.     19-5  "  "      "  f  =  19° 

220.  A  sphere  of  brass,  3  inches  in  diameter,  immersed  in  water,  is  suspended 
from  the  pan  of  a  hydrostatic  balance,  and  counterpoised  at  the  temperature  of 
60°  F.  What  weight  will  be  required  t«  restore  the  equilibrium  when  the  tem- 
perature of  the  water  and  globe  is  raised  to  200°  F.  ? 

221.  To  what  temperatures  must  an  open  vessel  be  heated,  the  pressure  re- 
maining constant,  that  i,  i,  and  }  of  the  air  it  originally  contained,  may  be 
successively  driven  out  of  it  ? 

222.  A  balloon  containing  1000  cubic  feet  of  gas  at  80°  F.,  and  29  inches 
barometric  pressure,  rises  to  a  position  where  the  thermometer  stands  at  40°, 
and  the  barometer  at  22  inches.  Calculate  the  volume  of  the  gas,  supposing 
the  capacity  of  the  balloon  to  allow  it  to  expand  freely. 

Specific  Heat. 

223.  How  much  heat  is  required  to  raise  the  temperature  of 

50  lbs.  of  water       from  40°  F.  to  150°  ? 

24  "     "  sulphur,     "      63°       "  212°? 
45   "    "  charcoal,    "      45°       "  930°? 

25  "    "  alcohol,      "      35°       "     65°? 
11   "     "   ether,  "        5°       "  132°? 

224.  The  following  quantities  of  water  were  mixed  together, — 2  lbs.  of  water 
at  40°  F. ;  5  lbs.  at  65°;  7  lbs.  at  70°;  and  3  lbs.  at  90°.  What  was  the  tempera- 
tore  of  the  mixture  ? 

225.  How  much  water  at  200°  F.,  and  how  much  water  at  50°,  must  be  mixed 
together,  in  order  to  obtain  20  lbs.  of  water  at  85°  ? 
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226.  Eqnal  volumes  of  mercury  at  212**  F.,  and  water  at  32**,  are  mixed  tog» 
tbcr.     What  18  the  temperature  of  the  mixture* 

227.  What  temperature  will  be  produced  by  mixing  equal  rolnmes  of  mereary 
at  32°  F.,  and  water  at  212°  ? 

22H.  Five  pounds  of  ice  at  32°,  are  mixed  with  7  lbs.  of  water  at  200°  F. 
What  will  be  the  temperature  of  the  mixture  after  the  ice  is  melted? 

229.  How  much  ice  at  32°,  must  be  mixed  with  100  lbs.  of  water  at  50°  F^  is 
order  to  reduce  the  temperature  of  the  mixture  to  35°  F.  ? 

230.  How  much  ice  at  32°,  is  required  to  cool  10  lbs.  of  mercury  at  300^,  tt 
the  frcciing-point  of  water  ? 

231.  Id  order  to  determine  the  heat  of  fusion  of  lead,  200  ounces  of  melted 
lead  at  the  melting-point  were  poured  into  1850  ounces  of  water  at  50°  F.  After 
the  lead  had  cooled,  the  water  was  found  at  20°*76  Centigrade.  Required  tke 
heat  of  fusion  of  lead  in  degrees  Fahrenheit 

232.  How  much  heat  is  required  to  raise  the  temperature  of  a  cubic  foot  mA 
of  air,  oxygen,  carbonic  acid,  and  hydrogen  from  32°  F.  to  75°,  if  the  fU  b 
allowed  to  expand  freely,  and  the  barometer  remains  stationary  at  30  inebes? 

233.  In  a  room  20  by  30  foet^  and  10  feet  high,  the  barometer  standing  st  M 
inches,  how  many  units  of  heat  are  required  to  raise  the  temperature  of  the  sir 
from  40°  F.  to  75°  ? 

234.  In  the  last  example,  how  many  units  of  heat  are  expended  in  expandiig 
the  air  of  the  room  ? 

Tension  of  Vapors. 

235.  Before  filling  a  barometer  with  mercury,  a  small  quantity  of  wsterwss 
poured  into  the  tube.  How  high  will  the  mercury  stand  in  the  barometer  when 
the  temperature  is  75°  F.,  and  the  pressure  of  the  air  is  29  inches  in  an  sen- 
rate  barometer  ? 

236.  SoWe  the  last  problem,  assuming,  first,  that  alcohol,  secondly,  that  sol- 
phuric  acid,  and  thirdly,  that  oil  of  turpentine  were  used  instead  of  water. 

237.  Calculate  the  tension  of  the  vapor  of  water  at  the  following  temperatures: 
60°,  75°.  1 10°,  175°,  220°,  265°,  and  300°  F. 

238.  Determine  the  boiling-point  of  water,  ether,  and  alcohol  at  the  fullowisg 
pressures :  31  in  ,  29-75  in.,  29-21  in.,  28  in.,  27  4  in.,  23-7  in. 

239.  A  cylinder  is  filled  with  steam  at  a  temperature  of  250°  F.,  and  aprei* 
sure  of  two  atmospheres.  What  will  be  the  tension  of  the  vapor  if  its  voluM 
is  diminished  one-half  by  pushing  down  the  piston  ?  What  will  be  the  tensioi 
of  the  vapor  if  it  is  allowed  to  expand  to  twice  its  former  volume  ? 

240.  If  a  cubic  inch  of  water  is  hermetically  sealed  in  a  bomb-shell.  ei^Mblt 
of  holding  200  cubic  inches,  and  strong  enough  to  sustain  a  pressure  of  HO  VbL 
to  the  square  inch ;  what  temperature  is  required  to  burst  the  bomb-shell? 

Ventilation  and  'Warming. 

241.  How  many  flues,  each  six  by  twelve  inches,  and  fifty  foet  high,  are  re- 
quired to  ventilate  a  lecture-room  seating  1200  persons,  when  the  temperatare 
of  the  room  is  70°  F.,  and  the  external  air  at  30°,  allowing  each  person  three 
and  a  half  cubic  feet  of  fresh  air  per  minute? 

242.  Repeat  the  calculations  of  the  last  problem,  on  the  supposiUon  that  1509 
persons  are  in  the  room,  and  make  additional  allowance  for  illumination  by  M 
gas  burners,  consuming  each  3}  cubic  feet  of  gas  per  hour,  at  an  ezpandilait 
of  20  feet  of  air  for  every  cubic  foot  of  gas  consumed. 
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ELECTRICITY. 

773.  Ctoneral  statement. — ^Electricity  is  conTeniciitly  sabdiyided 
into,  1.  Magnetic  electricity  or  magnetism ;  2.  Statical  or  frictional 
electricity ;  and,  3.  Dynamical  or  Voltaic  electricity.  We  will  consider 
the  subject  in  this  order. 

2  1.  Magnetic  Electricity. 

I.     PROPERTIES  OF  MAGNETS. 

774.  Lodestone — natural  magnets. — There  is  found  in  nature  an 
ore  of  iron,  called  by  mineralogists  magnetite^  or  magnetic  iron,  some 
specimens  of  which  possess  the  power  of  attracting  to  themselves  small 
fragments  of  a  like  kind,  or  of  metallic  iron.  Tliis  puwer  has  been 
called  magnetism,  from  the  name  of  the  ancient  city  of  Magnesia,  in 
Lydia  (Asia  Minor),  near  which  the  ore  spoken  of  was  tirst  found.  It 
crystallizes  in  forms  of  the  monometric  system,  often  modified  octo- 
hedra,  like  fig.  520,  and  is  a  compound  of  one  equivalent         520 

of  peroxyd  of  iron  with  one  of  protoxyd.  (FeO  -|-  FcaO, 
=  Fe,0^.)  It  is  one  of  the  best  ores  of  this  valuable 
metal. 

Formerly  all  magnets  were  lodestones,  or  natural  mag- 
nets. A  fragment  of  this  ore  rolled  in  iron  filings  or  mag- 
netic sand,  becomes  tufted,  as  in  fig.  521,  not  alike  in  all  parts,  but 
chiefly  at  the  ends.  Fig.  522  shows  a  similar  mass  mounted  in  a 
frame,  Z/,  with  poles,  ^//,  of  soft  iron.  621  522 

Thus  mounted,  the  lodestone  gains  in 
streng^th,  by  sustaining  a  weight  from 
the  hook  below,  on  a  soft  iron  cross-bar. 

775.  Artificial  magnets  are  made 
by  touch  or  influence  from  a  lodestone, 
or  from  another  magnet,  or  by  an  elec- 
trical current.  Hardened  steel  is  found  to  retain  this  influence  perma- 
nently, while  masses  of  soft  iron  become  magnets  only  when  in  contact 
with,  or  within  a  certain  distance  of  a  permanent  magnet.  Artificial 
msgnets  are  more  powerful  than  the  lodestone,  and  possess  |;>ro^ertieii 
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enttrclj  identical  whh  lU  Magnets  tittrjict  aI  all  dbtnnei^t  ^^^l  lli^if 
fHtw<*r  in^rt^ii^'eH,  tike  a.H  forces  netmg  from  ft  eouiro,  mr«r»n)|'  &$  Qi% 
aquare  of  the  i^i^tatice,  Tlt^iit  4lit»ttiifthej»  (he  fvtw^r  uf  mngueU,  but  if 
Dul  heated  beyond  u.  (vrtniu  degree  (full  r€Mlin?»»)*  thU  ptiwop  rftum* 
Oti  ctM^ling.  and  ih  i7ii;;rpfu;od  at  lower  tefupenttureF;,  AIkhvi^  thnt  point, 
ttie  i>o«rcitive  force  is  destroyed,  and  thej  lo%©  ivU  mtigrk^tic  pc*i«?r. 

VKTiaui  forma  are  ^v<»ii  to  ni^giifiU.  Tbo  ^ar  mafi»^t  Is  a  «im|tlft  xlfHtgtii  baf 
of  Imfdeneti  st*el  If  curvftd  ia  M  to  hnng  thft  (*!i(i«  tipur  tflfirihw.  It  Ij  ealleJ 
ft  &ui'H  i^fjc  niAj^iic^  and  if  icircnil  bu-a^  atrat|!;Bt  i^r  ourrotl^  am  Wand  t^gfctbrit 
into  one,  hg.  ^2^r  it  i£  called  a  o<im pound  muLjE^nei^  or  ma^otie  b*ll«rjr     Tkr 

62:1 


moit  pflWBrfal  Jirtliicia]  int*sriiii.^i:^   vnh  iustiilu  i3j:il,v  Ltbout  twintj-eigbt  or  thifif 
tjme«  tbeir  owq  wtlgbu     Uiiintly  thty  nnntain  vt'ry  tniiali  IttM  iliUi  tl^ij. 

Magnetic  needles  Jatw  Ugbl  biM*t  tig-  ^2t,  4Q«pt^mii«d  on  &  coutrat  pami 
if)  as  to  muvf<  in  obedii^nce  t**  (L^rrv^triiil  ift  artiUutnl  (tt*  524 

tr»cttonf.     Tbo  oiodc  of  makitig  tnagtii:!^^  s»d  tbe  eii«aia-  ^^ 
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wu  determined  by  Coulomb,  by  means  of  the  torsion  balance,  2  820, 
to  be  very  nearly  as  the  squares  of  the  distance  of  any  given  point, 
fVom  the  magnetic  equator  or  neutral  point. 

777.  Magnetio  phantom — magnetic  carves. — The  distribution 
of  the  magnetio  force  about  the  poles  of  a  magnet  is  beautifully  shown 
by  placing  a  sheet  of  stiff  paper  over  the  poles  of  a  horse-shoe  magnet, 
and  scattering  fine  iron  filings  or  magnetic  sand  from  a  sieve  or  gauze 
bag  oyer  the  paper.  As  they  touch  the  surface  of  the  paper,  each 
filing  assumes  a  certain  position,  marking  the  exact  place  of  the  mag- 
netic poles  and  of  the  neutral  line,  as  seen  in  fig.  526.  The  magnet 
may  be  laid  horizontally,  or  a  series  of  magnetic  bars  may  bo  placed 
RS  in  fig.  532,  producing  very  pleasing  and  instructive  results.   Tapping 

526 


the  edge  of  the  paper  gently  with  the  nail,  or  a  pen-stick,  facilitates 
the  adjustment  of  the  filings.  The  curves  exhibited  by  the  magnetic 
phantom  have  been  mathematically  investigated  by  De  Ilaldat,  who  for 
that  purpose  transferred  them  to  a  glued  paper. 

To  fix  the  curves,  Nickl^s  uses  a  waxed  paper,  and  when  the  figures  are  pro- 
dueedf  they  may  be  fixed  in  position  by  holding  a  heated  plate  of  iron  near  the 
•nrfaee  of  the  paper.  As  soon  as  the  wax  is  fused,  which  is  ea^iily  perceived  by 
ita  shining  appearance,  the  source  of  heat  is  withdrawn,  and  as  the  wax  cools 
the  filings  beeome  fixed  in  position  and  in  full  relief.  (Am.  Jour.  Sci  [2]  XXX. 
62.)     The  curves  may  then  be  more  conveniently  studied. 

778.  Magnetic  figures  may  be  produced  on  the  surface  of  a  thin 
lUeel  plate,  by  marking  on  it  with  one  pole  of  a  bar  magnet.  Magnetism 
ia  tlins  produced  in  the  steel  along  the  line  of  contact,  which  is  after* 
wards  made  evident  by  magnetic  sand,  or  iron  filings  sprinkled  on  the 
plate.  These  lines  may  be  varied  or  multiplied  at  pleasure,  with 
pleasing  effects ;  their  polarity  is  always  the  reverse  of  that  carried  by 
the  bar.  They  may  be  made  even  through  paper  or  card-board,  and 
will  remain  for  a  long  time.     Blows,  or  heat,  will  remove  them.    Hard 
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plate  steel  is  best  for  this  purpose,  about  one-tweDtiath  to  one^^tboC 
an  inch  thick,  and  six  inches  to  twelve  inches  square. 

779.  AnomalooB  magneta  are  such  as  have  more  than  too  polei. 
Thus  the  bar  seen  in  fig.  527  has  a  pair  of  similar  poles  ( — ),  st  the 
centre,  and   its  ends  are   con-  527 

sequently  similar  (-[-)»  while  it 

has  two  neutral  points  at  a  and 

c.     Fig.  528  shows  a  bar  with 

three   sets   of   poles,   arranged  628 

alternately  —  and  -f ,  with  three  neutral  points  at  m,  o,  and  n.  Broken 

at  these  neutral  points,  every  magnet  becomes  two  or  more  sepanto 

magnets,  with  corresponding  polarity. 

780.  Attraction  and  repulaion. — The  law  of  magnetic  attraction 
and  repulHion  is,  that  like  poles  repd,  and  unlike  poles  aitrcLct  each  other. 

If  a  pieco  of  soft  iron  is  presented  to  either  pole  of  a  mAgnctle  needle,  fig. 
524,  there  is  attraction,  which  is  reciprocal  between  the  noodle  and  the  iron;  for 
if  the  iron  is  suspended,  and  the  needle  approached  to  it,  the  iron  is  attrseted 
by  either  end  of  the  needle.  If,  however,  a  magnet  is  approached  to  the  needle, 
-\-  to  — ,  there  is  attraction  j  if  —  to  —  or-|-to-f-»  there  is  repalsion. 

If  the  unlike  poles  of  two  equal  magnetic  bars,  tufted  with  iron  filings,  are 
approached,  the  tufts  join  in  a  festoon ;  but  if  the  poles  are  of  the  same  name, 
most  of  the  filings  fall.     For  the  same  reason,  if  a  magnetic  bar,  B,  fig.  529,  ii 

529 


slid  upon  another  bar,  A,  of  equal  power  to  B,  as  the  two  opposite  ends  approarh 
each  other,  the  key,  previously  suspended,  falls,  because  the  two  bars  mutnallj 
neutralize  each  other  by  the  opposing  action  of  the  austral  and  boreal  magnetism. 

781.  Magnetism  by  contact. — When  a  mass  of  iron,  or  of  any 
magnetizable  body,  is  placed  in  contact  with  a  magnet,  it  receives  mtg- 
netism  throughout  its  mass,  and  of  the  same  name  as  the  pole  with 
which  it  is  in  contact.  Thus,  in  fig.  530,  the  soft  iron  key  is  sustained 
by  the  north  pole  of  a  magnetic  bar ;  a  second  key,  a  nail,  a  tack,  and 
some  iron  filings,  are,  in  succession,  also  sustained  by  the  magnetism 
imparted  by  contact  from  the  bar  magnet  through  the  soft  iron.  The 
series  of  soft  iron  rings,  in  fig.  531,  is  sustained  from  the  bar  mago^ 
under  the  same  conditions  of  polarity.    Tested  by  a  delicate  needle, 
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•very  p»irtof  the  sustained  masses  will  manifest  only  north  polarity,  and 
we  may  regard  them  as  only  prolongations  of  the  original  pole.  This  is 
analogoas  to  electrical  conduction.  &30 

Pure  m(1  iron  receives  magnetism  sooner  and  more  power- 
fully than  steel  or  cast  iron,  and  also  parts  with  it  'sooDer. 
BUudened  steel  and  hard  cast  iron  retain  more  or  less  of  the 
magnetic  force  permanently.  No  other  metals  beside  iron, 
nickel,  cobalt,  and  possibly  manganese,  can  receive  and  retain 
magnetism  by  contact.  531 

These  are,  therefore, 
called  the  magnetic 
metals. 

782.  Magnetism  in 
bodies  not  fermgin- 
ons. — Beside  the  mag- 
netic metals,  so  called, 
Cavallo  has  shown  that 
the  alloy,  brass,  becomes 
magnetic  (slightly)  by 
hammering,  but  losies 
that  property  again  by  heat.  Some  minerals  are  magnetic,  particu- 
larly when  they  have  been  heated.  The  pure  earths,  and  even  silica, 
are  found  to  have  the  same  property.  In  the  case  of  silica,  and  some 
other  minerals  containing  oxyd  of  iron  in  combination,  this  is  not  so 
surprising.  M.  Biot  determined  in  the  case  of  two  apecimens  of  mica. 
one  from  Siberia  (muscovite),  and  the  other  from  Zinnwald  (lithia  mica), 
that  their  magnetic  powers  were  (by  the  method  of  oscillations)  as  6*8 
to  20,  and  he  remarked,  if  the  oxyd  of  iron  be  the  cause  of  their  magnetic 
virtue,  it  should  exist  in  the  minerals  in  the  above  proportion  ;  and  curi- 
onsly  enough,  the  result  of  Vauquelin's  analyses  (then  unknown  to  M. 
Biot)  corresponded,  almost  exactly,  to  these  numbers. 

Some  states  of  chemical  combination,  however,  appear  to  destroy,  or  cloak, 
the  magnetic  virtues  of  iron ;  e.  g.  an  alloy  of  iron,  one  part,  with  antimony 
foar  parts,  was  found  by  Seebeck  to  be  utterly  devoid  of  magnetic  action  ;  and  the 
magneUo  power  of  nickel  is  entirely  concealed  in  the  alloy  called  German  silver. 

The  researches  of  Faraday  have  shown  matter  of  all  kinds  to  bo  subject  to  a 
certain  modified  degree  of  influence  by  magnetism  (J  799.  DiatnagnetUm), 

II.     MAGNETIC  INDUCTION  OR  INFLUENCE. 

783.  Induction. — Every  magnet  is  surrounded  by  a  sphere  of  mag- 
netic influence,  which  has  been  called  its  magnetic  atmosphere.  Every 
magnetizable  substance  within  this  influence  becomes  magnetic  also 
(without  contact),  the  parts  contiguous  to  the  magnet  pole,  having  an 
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opposite,  and  thoae  remote  from  it,  a  similar  name.    This  inflneDoe  ii 
called  induction. 

Thus,  in  fig.  532,  the  north  end  of  a  bar  magnet  indueea  south  polarity  In  At 
contiguous  ends  of  the  five  bars  surrounding  it»  and  north  polarity  in  ib«r 
remote  cuds.     If*  these  bars  are  of  hardened  steel,  they  5S2 

will  retain  a  small  portion  of  the  magnetic  force  induced  |^ 

from  a  powerful  bar,  but  if  they  are  of  soft  iron,  they  I  ^^ 

will  part  with  their  magnetism  as  soon  as  the  source  II         y^' 

of  excitation  is  withdrawn.   In  this  case,  the  magnetised 
burd  have  a  tendency  to  move  up  to  the  magnet,  and  are 
prevented  from  doing  so  only  by  friction  and  gravity.  % 
The  attraction  is  reciprocal,  and  wo  hence  infer  that 
there  is  induction  in  every  case  of  magnetic  attraction. 

In  the  iron  filings,  arranged  in  magneUo  curves,  fig. 
526,  on  a  glass  plate,  or  card-board,  the  same  tendency 
is  observed. 

Small  pieces  of  soft  iron  wire  suspended  from  the  ends  of  a  thread  near,  tnd 
parallel  to  each  other,  when  approached  by  a  bar  magnet,  receive  induced  mag- 
netism, the  farther  ends  diverging  by  mutual  repulsion.  Two  sewing-needles 
thus  suspended  and  influenced,  become  permanent  magnets. 

The  ingenuity  of  the  teacher  will  furnish  many  pleasing  and  instructive  Uliu- 
trations  of  magnetic  induction. 

784.  Theoretical  conaiderationa. — The  real  nature  of  the  magnetic 
force  is  unknown  to  us ;  but  the  analogies  offered  by  electro-magneti&m 
and  nmgnet^electricity,  lead  to  the  conviction  that  it  is  one  mod« 
of  electrical  excitement.  Unlike  light,  heat,  and  statical  electricity, 
magnetism  affords  no  phenomena  immediately  addressed  to  the  senses. 
It  is  distinguished  from  statical  electricity  chiefly  by  its  permanent 
character  wlien  once  excited,  and  by  the  very  limited  number  of  sub- 
stances capable  of  receiving  and  manifesting  it. 

785.  Theory  of  two  floida. — It  may  be  assumed  that  there  are  two 
magnetic  or  electrical  fluids  (the  Boreal  or  positive,  and  the  Austral  or 
negative),  which  are  in  a  state  of  equilibrium  or  combination  in  all 
bodies  ;  that  in  iron,  nickel,  &c.,  these  two  forces  are  capable  of  sepa- 
ration, by  virtue  of  the  inductive  influence  of  the  earth,  or  of  another 
magnet,  while,  in  other  bodies,  this  permanent  separation  cannot  be 
effected.  The  two  magnetic  forces  are  never  seen  isolated  from  each 
other,  but  are  always  united  in  one  bar.  Hence,  we  cannot  have  a 
boreal  magnet,  or  an  austral  magnet,  as  we  may  in  statical  electricitj 
produce,  at  pleasure,  vitreous  or  resinous  excitement  over  the  whole 
surface  of  a  body.  Both  poles  must  coexist  in  every  magnet.  If  we 
break  a  magnetic  bar  at  its  neutral  point,  we  have  two  magnets  of 
diminished  force,  but  each  half  has  its  two  poles  like  the  original  bar, 
and  its  neutral  point  also.  The  anomalous  magnets,  figs.  527,  528,  will 
render  this  statement  intelligible.     Every  magnet  must^  in  this  view, 
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be  regarded  as  an  assemblage  of  numberless  small  magnets,  every 
molecule  of  steel  having  its  own  poles  antagonistic  to  those' of  the  next 
contiguous  particle.  This  conception  is  rendered  clearer  to  the  senses 
bj  fig.  533.    Here  the  N  and  S  poles  ^3^ 

of  the  several  particles  are  each  re-   ^^g^Magagagigiagag 
presented  as  pointing  one  way  re-     r=^r=gSBRSS}=g^gt=gRg 
specHvely,  and  towards  the  N  and  S     n  $  n  s  n  *  n  s  n  i  »  s  n  s  n  , 
ends  of  the  bar.    These  opposing  forces,  therefore,  constantly  increase 
from  the  centre  or  neutral  point,  where  they  are  in  equilibrium,  to  the 
ends,  where  they  find  their  maximum.    This  arbitrary  illustration 
enables  us  to  conceive  how  such  a  body  may  excite  similar  manifesta- 
tions of  power  in  another,  without  itself  being  weakened,  and  how 
each  part  becomes  a  perfect  magnet,  if  the  bar  is  broken.    The  experi- 
ment shown  in  fig.  529,  illustrates  well  the  reunion  of  the  two  fluids, 
to  form  the  neutral  state  of  the  undecomposed  influence. 

De  Ualdat  has  shown  that  a  brass  tube,  filled  with  iron  filings,  confined  by 
screwed  caps  of  brass,  can  be  magnetized  by  any  of  the  modes  used  for  bars, 
and  hare  its  poles  and  neutral  point  like  a  bar  magnet;  but  if,  by  concussion, 
the  particles  of  iron  are  disarranged,  the  magnetic  force  diminishes,  and  finally 
disappears. 

The  magnetic  pastes  of  Dr.  Knight  and  of  Ingenhausz,  also  illustrate  the  fact, 
that  little  particles  of  magnetic  iron,  or  of  pulverized  lodestone,  may  determine 
the  existence  of  the  magnetic  poles,  and  a  neutral  line,  when  they  are  compacted 
into  a  mass,  by  drying  oils,  or  by  the  use  of  some  gummy  substance. 

Even  so  small  a  quantity  as  one-sixth  of  ferruginous  particles,  in  five-sixths 
of  sand  or  earthy  matter,  can  be  magnetized  as  a  bar,  showing  clearly  the  de- 
composition of  the  neutral  fiuid  in  each  particle. 

786.  Coercitive  force. — The  resistance  which  most  substances  show 
to  the  induction  of  magnetism,  has  been  distinguished  by  the  term  co- 
ereitive  force.  In  soft  iron,  this  force  may  be  regarded  as  at  a  minimum, 
since  this  substance  will  receive  magnetic  influence  even  from  being 
placed  in  the  line  of  magnetic  dip,  while  in  steel  which  has  been  hard- 
ened, a  peculiar  manipulation  is  required  to  induce  any  permanent 
magnetism.  Soft  iron  parts  with  its  induced  magnetism  as  readily  as 
it  receives  it ;  but,  if  it  is  hardened  by  blows,  or  violent  twisting,  or  by  , 
small  portions  of  phosphorus,  arsenic,  or  carbon  cpmbined  with  it,  a 
portion  of  magnetism  is  permanently  retained  by  it  from  induction. 

As  blows,  by  hardening,  may  induce  permanent  magnetism  in  soft  iron,  so,  in 
steel,  the  coercitive  force  may,  by  simple  vibration,  as  by  blows  on  a  magnetic 
bar,  or  by  an  accidental  fall,  destroy  a  large  part  of  the  force  developed,  by 
giving  opportunity  to  the  coercitive  force  to  resume  its  supremacy.  In  general, 
whatever  cause  induces  hardness,  increases  the  coercitive  force  ;  and,  conversely, 
it  iff  diminished  by  annealing,  or  any  cause  which  results  ir  softening  the  mass. 

III.    TERRESTRIAL  MAGNETISM. 

787.  Magnetio  naadie.— Directive  tendency. — K m«^^>A&  1:^^^ 
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die,  suspended  over  the  poles  of  a  horse-shoe  magnet,  oomes  to  net  ia 
the  plane  of  the  poles ;  and,  in  obedience  to  the  fundamental  law  of 
magnetic  attractions,  its  A  and  B  poles  ^^ 

will  be  opposite  to  the  B  and  A  poles  j^ 

of  the  attracting  magnet.  The  sus- 
pended needle,  in  fig.  534,  assumes  its 
position  by  reason  of  the  same  law,  and 
comes  to  rest  with  its  A  pole  toward  the 
N  pole  of  the  earth,  and  its  B  pole  to-  B> 
wards  the  south.  All  bar  magnets,  f^*^' 
having  a  free  motion  in  a  horizontal 
plane,  arrange  themselves  in  this  man- 
ner in  every  part  of  the  earth. 

This  directive  tendency  of  the  magnet  has 
been  known  to  European  nations  since  the 
twelfth  century ;  but  was  known,  it  is  said,  to  the  Chinese,  2000  b.  c.  Tb« 
earliest  mariner's  compass,  used  by  Syrian  navigators  in  1242,  was  a  common 
sewing-necdlo,  rendered  magnetic,  thrust  through  a  reed  or  cork,  and  alloncd 
to  float  on  water.  (Klaproth.)  This  directive  power  renders  the  compa»  iit- 
valuable  to  the  explorer  of  a  pathless  wilderness,  to  the  surveyor  and  the  miner; 
the  mineralogist  and  the  physiciijit  also  find  it  indi8peD8able  in  maoy  researches. 

The  terms  Auttml  and  Boreal  have  been  applied  to  the  polarity  of  the  msg- 
netic  needle,  in  allusion  to  the  free  Austral  and  Boreal  magnetism  assumed  to 
exist  respectively  in  the  southern  and  northern  regions  of  the  earth.  In  accord- 
ance with  magnetic  law,  the  end  of  the  needle  pointing  north  is  called  AuHral, 
and  that  pointing  south,  Boreal.  For  greater  simplicity,  the  mariner's  compass 
is  marked  N  on  that  point  which  turns  to  the  north,  and  conversely  ;  but  the 
terms  austral  and  boreal  may  be  used  interchangeably  with  positive  and  nega- 
tive, or  north  and  south  polarity. 

The  mariner's  compass  is  arranged  in  a  box  (K,  fig.  535)  called  s 
535  536 
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binnacle,  illummated  at  nig^t  throug^h  the  glass,  M.    The  magnetic 


SLBOTBIOITT. 


617 


637 

n 


needle,  a  6,  fig.  536,  delicately  poised  on  a  socket  of  agate,  is  attached 
to  the  lower  side  of  a  card  or  plate  of  mica,  i^  on  which  is  printed  the 
star  of  thirty-two  points, — seven  between  each  two  of  the  cardinal 
points,  N.,  £.,  S.,  and  W.  The  compass-box,  oo,  is  hung  on  points 
called  gimbals,  e  d  e  z  (pronounced  gimhlea)^  which  allow  it  to  remain 
always  horiiontal,  however  the  ship  may  roll.  The  transom  or  cross- 
sighia.  A,  may  be  placed  at  pleasure  on  the  face,  m,  of  the  compass, 
when  the  object  is  to  measure  points  on  the  coast.  Both  parts  of  the 
figart)  are  similarly  lettered. 

The  astatic  needle  is  an  instrument  in  which  the  directive  tendency  of 
the  earth's  magnetism  is  neutralised,  by  placing  two  equal  needles,  a  6,  6'  a', 
fig.  53 r,  parallel,  one  abore  the  other,  with  their  unlike  poles 
opposed  to  each  other.  This  system  is  suspended  hy  a  fibre 
of  raw  silk,  and  is  a  most  sensitive  test  for  feeble  magnetic 
earrebts.  Such  is  the  construction  adopted  in  the  galvani- 
scope,  to  be  hereafter  described.  The  two  needles  must  bo 
of  exactly  equal  force,  ov  ah  and  a'  b'  will  not  neutralize 
each  other,  and  the  system  will  have  a  directive  tendency, 
equal  to  any  difierence  of  force  in  the  two  needles. 

The  most  simple  astatic  needle  is  made  by  touching  a  Ktcel 
sewing-needle,  at  its  centre  of  weight,  by  the  N.  pole  of  a 
powerful  magnet ;  the  point  touched  develops  two  S.  polex, 
axkd  the  two  ends  are  N.    Such  a  needle  is  very  nearly  astatic. 

788.  Magnetic  meridian — declination  or  variation. — There  are 
but  few  places  in  the  world  where  the  magnetic  needle  points  to  the 
true,  or  astronomical  North ;  and  in  all  other  places,  a  plane  passing 
through  the  axis  of  the  magnetic  needle  (the  magnetic  meridian),  fails 
to  coincide  with  the  geographical  meridian.  Moreover,  the  magnetic 
meridian  in  any  given  place  is  not  constant,  but  changes  slowly  from 
year  to  year  (called  secular  variation)^  being  now  on  the  E.,  and  again 
on  the  W.  side  of  the  true  North.  This  is  called  the  declination  or 
variation  of  the  magnetic  needle.  The  declination  is  called  Eastern, 
or  Western,  according  as  it  may  be  to  the  East  or  to  the  West  of  the 
astronomical  meridian.  The  angle  formed  by  the  meeting  of  the  true 
and  the  magnetic  meridians  is  called  the  angle  of  declination.  Thus, 
at  Washington  City,*  the  angle  of  declination  in  1855-6,  was  2°  36''  W., 
and  at  New  Haven  it  was  6"  37^-9  W.,  August  12,  1848.  Js.  Ruth, 
observer. 

Columbus,  in  his  first  voyage  to  America,  found  the  needle  to  have,  as  he 
•ailed  westwards,  an  increasing  variation  from  the  true  North,  a  ciroumstaoeo 
not  before  observed,  and  which  caused  the  greatest  consternation  in  his  super- 
stitious crew,  "  who  thought  the  laws  of  nature  wore  changing,  and  that  the 
compass  was  about  to  lose  its  mysterious  power."    (Irving's  Columbus.)     Not- 
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withfitADding  those  and  other  similar  obaerratioDS,  it  was  not  uitil  the  mddit 
of  the  sovuntticuth  century,  that  the  rariatiun  of  the  compass  was  an  estal>lith«4 
fact  in  uiagnutio  science.  The  observations  on  the  declination  cf  the  compan 
in  Euglaud,  date  from  1580.  The  following  table,  from  Harris,  contains  th« 
declinutioii  with  the  mean  rate  of  motion,  as  referred  to  certain  periods  of  obier- 
▼atiou  in  London,  between  1580  and  1850,  or  about  two  hundred  and  BCT«iity 
years.  Eastern  declination  being  distinguished  by  the  negatiTO  sign,  and  west- 
ern by  the  pusitivo  sign. 

£Mt«rn  Declination.        Zero.  Western  Dcdfakatkm. 

Years,  1580.       1622     166C      1692.  1730.       1765  1818         1S50 

Declination,    —11°  15'     —6°       0        -h6«»    4-13**     -f  20o  -f-24®  41'  -f  23*  30' 
Kate  per  year,  7'  8'     10'  11'      ll'-5         «'  0'  5' 

Thus,  in  a  period  of  eighty  years  from  the  first  obserration,  the  needle  gnda- 
ally  reached  the  true  meridian,  and  then,  for  a  period  of  one  hundred  and  fifty- 
eight  years,  it  moved  Westward,  reaching  its  maximum  Westerly  declination  in 
1818,  and  it  is  now  again  slowly  moving  Eastwards.  The  rate  of  this  move- 
ment is  not  uniform,  but  is  greater  near  the  minimum,  and  least  near  the  maxi- 
mum, point  of  declination. 

Observations  since  1700  establish  the  same  facts  in  the  United  States,  at  • 
groat  number  of  places.  Thns^  at  Burlington,  Vt,  in  1790,  the  declination  wsa 
-|-7°'8;  in  1830,  +8°-30 ;  in  1840,  -f-9°  07 ;  and,  in  1860,  -f  10«»-30.  In  Csm- 
bridgo,  Muss.,  in  1700,  it  was  -f  9*^*9,  and  steadily  diminished  to  1790,  when  it 
was  -[~^°'*«^>  ^^'^  ^^^  since  regularly  increased  to  the  present  time,  being,  in 
1855,  -f- 10^-90.  At  Hatborougb,  Pa.,  in  a.  d.  1680,  the  declination  was  4-8'-5; 
in  ISOO  it  had,  by  a  regular  rate,  decreased  to  -f~l^^'^)  '^^^t  ^^  1860,  was  -|-5°-32. 
At  Washington,  D.  C,  it  was  -f  0*6  in  a.  d.  1800,  and  in  1860  had  increased  to 
-|-2°-9. 

South  of  Washington,  the  declination  is  uniformly  Easterly,  ranging,  irf 
Charleston,  S.  C,  from  — 3^-7  in  a.  d.  1770,  to  — 1°-7  in  1860.  On  the  Western 
Coast  of  North  America,  it  is  also  Easterly  ,*  being,  for  example,  at  Sao  Fran- 
cisco, in  1790,  — 13®*6,  and  in  1860,  — 15'°8.  The  annual  change  (increasing  E. 
declination)  being,  in  18i0,  — 1'-6  ;  in  1850,  — 1'-2 ;  and  in  1860,  — 0'-8. 

For  a  full  discussion  of  Magnetic  Declination  in  the  United  States,  the  sta- 
dent  will  refer  to  the  Reports  of  the  United  States  Coast  Survey  ;  and  for  an 
able  extract  of  all  the  results  of  secular  change  on  the  Atlantic,  Gulf,  and  Pa- 
cific Coasts  of  the  United  States,  refer  to  a  "Report  by  Assistant  Charles  A. 
Schott,"  in  Am.  Jour.  Sci.  [2]  XXIX.,  p.  335. 

The  first  attempt  to  systematize  the  variations  of  the  magnetic  needle, 
and  to  connect  by  lines,  called  isogonic  lines,  all  those  places  on  the 
earth  where  the  declination  was  similar,  was  made  by  Halley,  about 
1700.  Ho  thus  discovered  two  distinct  lines  of  no  inclination,  called 
agonic  lines,  one  of  which  ran  obliquely  over  North  America  and  across 
the  Atlantic  Ocean,  and  another  descended  through  the  middle  of  China 
and  across  New  Holland ;  and  he  inferred  that  these  lines  communi 
cated  near  both  poles  of  the  earth. 

780.  Variation  chart. — Isogonal  lines. — In  fig.  538,  is  seen  a 
projection  of  the  lines  of  equal  and  no  declination,  on  a  Mercator's 
chart  of  the  earth,  embracing  observations  down  to  1835.     The  Ameri- 
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line  of  no  variation,  or  affone,  crosses  the  eastern  point  of  South 
.America,  in  latitude  20®  S.,  skirts  the  Windward  Antilles,  enters  North 

538 


Carolina  near  Cape  liookout,  and  pas.sing  throuji^li  Staunton,  in  Vir- 
ginia, crosses  Lake  Eric  midway  on  its  course  to  Hudson's  Buy.  The 
chief  Asiatic  agone  (for,  in  fact,  there  are  two  lines  of  no  variation), 
after  traversing  the  Indian  Ocean  in  a  southerly  direction,  crosses  the 
western  part  of  New  Holland  near  120°  E.  All  the  entire  lines  on  this 
chart  indicate  western  declination,  while  the  dotted  lines  mark  eastern 
declination.  According  to  the  theory  of  Gauss,  the  eminent  German 
astronomer,  no  lines  of  equal  variation  can  form  diverging  branches,  or 
be  tangents  to  each  other ;  but  when  there  is  a  space  within  which 
the  declination  is  less  than  outside  any  portion  of  its  limiting  line, 
that  line  must  form  a  loop,  the  two  539 

branches  intersecting  at  right  angles. 
The  observed  line  of  8°  -KK  in  the 
Pacific,  beautifully  illustrates  and 
confirms  this  theoretical  position,  as 
shown  on  the  chart,  fig.  538. 

Figure  539  illustrates  the  circum- 
polar  relations  of  the  corresponding  ' 
lines  of  equal  variation  in  the  north- 
em  hemisphere.  It  will  be  seen 
that  much  the  larger  number  of  the 
is^fgonal  lines,  converge  on  the  Mer- 
cator'.s  projection  at  a  point  near 
Baffin's  Bay.  in  lat.  73**-0  N.,  long.  70°-0  W.,  its  opposite  polo  is  to  the 
southward  of  New  Hollun>l. 
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Halley's  original  chart  asinines  the  ezistenee  of  two  rna^etk  polei  in  etch 
beminpliere,  one  fixod,  and  the  other  revolruig  about  it  in  a  eertain  ptriil 
HanflteoD,  in  1828,  in  his  well-known  chart,  acoepU  the  aame  riew.  BjGaaa^ 
theory  of  torrostrial  magnetism,  onlj  one  magnetic  pole  in  each  hemifphotii 
required,  and  thus  far  obscrTation  has  shown  a  wonderful  conformit/  bdwtii 
the  theory  of  Gauss  and  the  facts. 

790.  Daily  variations  of  the  magnetio  needle. — ^Besides  tfat 
great  secular  movements  of  the  magnetic  needle  already  noticed  (788), 
it  is  found  to  vary  sensibly  from  day  to  day,  and  even  with  the  diffeicnt 
periods  of  the  same  day.  The  most  refined  means  have  been  in  oor 
time  applied  to  the  exact  investigation  of  this  phenomenon,  first  notieed 
by  Graham,  a  London  optician,  in  1722.  It  has  been  shown  that  the 
north  pole  of  the  needle  begins  between  seven  and  eight  a.  m .  to  man 
westward,  and  this  movement  continues  until  one  p.  x.,  when  it  becooMB 
stationary.  Soon  after  one  o'clock  it  slowly  returns  eastward,  and  at 
about  ten  p.  m .,  the  needle  again  becomes  stationary  at  the  point  froo 
which  it  started.  During  the  night,  a  small  oscillation  occurs,  the  nurth 
pole  moving  west  until  three  a.  x.,  and  returning  again  as  before.  The 
mean  daily  change,  as  observed  by  Capt.  Beaufoy,  is  not  quite  one 
degree.  This  daily  disturbance  of  the  magnetic  needle  is  undoubtedly 
due  to  the  jiction  of  the  sun,  and  it  will  therefore  vary  in  different  lati- 
tudes. In  the  Southern  hemisphere,  the  daily  oscillations  are  of  course 
reversed  in  direction  to  those  of  the  Northern  hemisphere. 

The  annual  variation  of  the  needle  was  diffcorcred  by  Cas^ini,  in  17S4. 
Wo  have,  therefore,  Ist,  the  great  tecular  rariatiotigf  continued  through  loog 
poriodi*  of  time ;  2d,  annual  variafioii*,  conforming  to  the  movement  of  the  sun 
in  the  solsticen ;  3d,  daifjf  cariationa,  conforming  nearly  to  the  periods  of  maxi- 
mum and  minimum  temperature  in  each  day,  and  lastly,  irrtgvlar  raWan'oai, 
connected  with  the  aurora  borcalis,  or  other  cosmical  phenomena,  which  Ilnia- 
hohlt  h:isi  called  maijnttic  »tonn9. 

791.  Dip  or  inclination. — A  needle,  hung  as  in  fig.  540,  within  a 
stirrup  upon  the  points  a 6,  the  whole  system  l)eing  suspended  bjt 
thread,  will,  before  magnetizing,  if  carefully  adjusted,  stand  in  aoj 
position  in  which  it  may  be  placed.  If  now  the  needle  be  magnetited, 
it  forthwith  assumes  the  position  seen  in  the  figure,  its  pole  dipping 
toward  the  North  pole  of  the  earth.  In  this  latitude  (41''  18^),  the  dip 
was,  in  1848,  73^  SV'9,  Such  a  needle  is  called  a  dipping  needle^  tod 
if  constructed  as  in  the  figure,  it  shows  both  the  declination  and  dip,  or 
inclination,  of  terrestrial  magnetism  for  any  given  locality.  As  Ae 
whole  system  is  free  to  move,  it  will  obviously  arrange  itself  in  the 
magnetic  meridian,  and  its  position  of  equilibrium  will  he  the  resultut 
of  the  two  forces  of  declination  and  dip.  Approaching  the  eqottiorf 
the  dipping  needle  becomes  constantly  less  and  less  ioclined,  until  ft 
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lAajit  a  puint  18  found  where  ic  is  quite  horizoDtal,  and  this  point  will  be 
ia  the  ^naynetic  equator;  mn  imaginary  plane  near,  but  not  coincident 
with,  the  equator  of  the  earth. 

Th«  discoyery  of  the  magDetic  dip  or  inclination, 
was  made  in  1576,  by  Robert  Norman,  a  practical 
optician  of  London,  wbo  constructod  the  first  dipping 
needle,  by  which  be  determined  the  dip  at  London  at 
that  time  to  be  nearly  72°.  The  magnetic  dip,  like 
the  declination,  is  sabjcct  to  continual  and  progres- 
■ire  changes,  both  Hecular  and  periodical,  and  it  \* 
at  this  moment  rapidly  decreasing.  Thus  at  London 
ia  1576  It  was  71°  50',  in  1676  it  had  become  73<'  30', 
and  in  1723  it  was  74°  42',  having  then  reached  its 
mazimam.  In  1790  it  had  decreased  to  71°  3',  and 
in  1800  to  70°  35'.  Sabine,  in  1821,  fixed  it  at  70°  3', 
and  Kater.  in  1830,  at  69°  88'.  It  is  now,  in  England, 
aboat  68^  30',  having  decreased  in  128  years  about 
6^  W,  or  at  the  rate  of  nearly  3'  yearly,  the  mean 
aanaal  moTcmcnt  from  1830  to  1850  being  at  the 
rate  of  mure  than  4'  yearly,  while  between  1723  and 
1790  it  was  about  2  5'  yearly,  showing  an  accelerated 
and  retarded  moTement  in  the  secular  changes  of  the 
dipping  needle,  or  magnetic  inclination. 

792.  The  action  of  the  earth's  magnet- 
ism on  the  dipping  needle  is  neatly  illuHtrated 
by  the  simple  arrangement  seen  in  fig.  541,  where  the  magnetic  bar  «?i, 
is  placed  horizontally  on  the  diameter  of  a  8emicirclc,  representing  an 
arc  of  the  meridian,  on  which  a  small  dipping  needle  Is  made  to 
ticcapy  succesKively  the  position  541 

seen  at  a,  a'',  a'"',  a^'^. 

At  a*,  the  needle  is  horizontal, 
^ing  at  the  magnetic  equator,  and 
equally  acted  on  by  both  poles.  In 
•very  other  position,  the  influence 
of  one  pole  must  predominate,  to  a 
greater  or  less  extent,  over  the  other. 
SeTeral  sewing-needles,  suspended 
OTer  a  magnetic  bar  at  equal  dis- 
tances, one  over  each  end,  one  over 
the  centre,  and  one  intermediate,  will 
illustrate  the  same  point  satisfac- 
torily. 

793.  Dipping  needle. — The  dii)ping  needle  of  Biot,  shown  in  fig. 
542,  is  wholly  of  brass,  and  embraces  two  graduated  circles,  m  and  M, 
one  horizontal  and  one  vortical.  The  circle,  M,  with  its  supporting 
frmme.  A,  moves  in  azimuth  over  m,  by  which  it  is  p/aced  in  the 
Bttgnetio  meridian     It  is  leveled  by  the  level,%n,  ad]uated  b^  Uit«^ 
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milled  heads  in  the  feet.  The  needle,  a  b,  is  saspended  on  the  hm, 
r.  To  fix  the  magnetic  meridian  by  this  instrument,  the  circle,  a,  ii 
revolved  until  the  needle,  542 

abf  stands  vertical  and 
points  to  90^,  it  is  then 
in  the  magnetic  equator, 
a  position  of  course  ex- 
actly 90®  from  the  mag- 
netic meridian,  which  is 
then  obtained  by  revolv- 
ing the  frame.  A,  90® 
backwards.  The  angle, 
a  c  (2,  is  the  angle  of  in- 
clination (or  dip),  and  is 
read  on  the  arc  M. 

Two  small  orrors  of  ob- 
servation exist  io  this  in- 
itrumeut ;  Ist,  from  the  fact 
that  the  magnetic  axis  of 
the  needle  does  not  coincide 
with  the  axis  of  its  form, 
and  2d,  from  the  circuui- 
Htance  that  the  centre  of 
gravity  of  the  needle  does 
not  lie  in  the  points  of  sns- 
pcn.sion,  and  that  therefore  the  angle,  dea,  \m  greater  or  less  than  tbs  tnt 
angle  of  inclination,  by  a  very  small  quantity.  The  first  is  corrected  \ff 
reversing  the  plane  of  the  instrument,  by  a  revolution  of  180^,  and  taking  tke 
mean  of  the  two  readings ;  the  second,  by  reversing  the  polarity  of  the  needlt 
by  touch  on  the  opposite  poles  of  two  bar  magnets,  provided  for  the  purp^'W. 
By  this  means,  the  centre  of  gravity  is  brought-,  first  above,  and  then  bclnv 
the  point  of  suspension,  and  the  mean  of  the  two  readings  is  the  true  soglt 
sought. 

794.  Inclination  map,  or  isoclinal  liuea. — lu  fig.  543,  is  pre- 
sented a  Mercator's  projection  of  the  line  of  no  dip,  oi  magnecie 
equator,  and  the  position  of  the  isoclinal  lines  of  30**,  50**,  70*^,  80^,  snd 
85°  north,  and  30°,  50°,  and  70°  south.  It  will  be  noticed  that  the 
magnetic  is  below  the  terrestrial  equator,  in  all  the  western  bemiS' 
phere,  and  is  above  it  in  the  eastern,  crossing  it  near  the  island  of  St 
Thomas,  in  longitude  3°  E.,  and  again  in  the  Pacific  ocean.  Then 
points  of  intersection  of  course  vary  with  the  progressive  changes  of 
the  ma<;riotic  dip.  The  greatest  declination  of  the  magnetic  equator 
from  the  C({uinoctinl  line,  amounts  to  about  20°  N.,  near  5.'>°  E.  longi- 
tude, iuid  its  greatest  southern  declination  is  13°,  in  abfUt  40"  W« 
longitude,  near  the  \^^  of  Balila^  on  the  East  coast  of  South  Americii 
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The  incltDation  of  the  needle  at  any  place  is,  approximately,  twice 
its  magnetic  latitude.     (Kraft) 

643 


Figure  544  shows  the  relation  of  the  isoclinal  lines  of  80^  and  85°  in 
the  northern  hemisphere,  to  the  lines  of  latitude,  and  to  the  N.  magnetic 
pole,  near  BafiEm's  Bay.     Sir  James  544 

Roes,  in  1832,  found  the  needle  to 
dip  near  Prince  Regent's  Inlet,  lat. 
70*  N.,  longitude  96°  N.,  within  one 
minute  of  90°. 

It  is  to  be  observed,  that  the  lines 
of  equal  magnetic  inclination  (isocli- 
nal lines),  are  found  to  approach  in  I 
position,  with  very  considerable  con- 
formity, to  the  isothermal  lines,  or 
lines  of  equal  temperature,  thus  indi- 
cating a  close  relation  between  the 
earth's  magnetism  and  the  distribu- 
tion of  the  terrestrial  heat. 

795.  Magnetic  intenaity. — It  is  plain,  from  the  phenomena  of  the 
magnetic  declination  and  dip  already  considered,  that  the  distribution 
of  magnetic  force  over  the  earth  is  unequal,  although  in  general  it  is 
most  active  about  the  poles,  and  least  so  about  the  equator.  The  ques- 
tion arises,  how  may  the  magnetic  intensity  at  any  given  point  of  the 
earth  be  determined?  This  question  is  answered  by  the  use  of  the 
needle  of  asciUaiion.  A  large  number  of  facts  serve  to  show,  that  a 
freely  suspended  needle  in  a  state  of  oscillation,  ia  vnfLxi^YiQ^  Vj  >^<(& 
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magnetic  force  of  the  earth,  in  a  way  analogoas  to  that  of  a 
pendulum,  oscillating  by  the  influence  of  gravity ;  and  that  hence  bj 
means  of  such  a  needle,  we  may  determine  the  ratio  of  the  intouity 
of  terrestrial  magnetic  force  throughout  the  whole  extent  of  the  etith't 
surface. 

This  mode  of  determining  the  magnetic  intensity  in  different  regions  of  Um 
earth,  was  first  suggested  by  Graham,  in  1775,  and  was  afterwards  non  fslly 
perfected  and  employed  by  Coulomb,  Hutnboldt,  Hansteen,  and  Gaosi.  Hib- 
boldt  carefully  determined  the  time  of  a  given  number  of  oscillations  of  a  ibs& 
magnetic  needle,  first  at  Paris,  and  afterward  in  Peru.  At  Paris,  the  netdh 
made  two  hundred  and  forty-five  oscillations  in  ten  minutes :  in  Pern,  it  Bail 
only  two  hundred  and  eleven  in  the  same  time.  The  relative  intensities  wen 
therefore  as  the  square  of  these  two  numbers,  or  as  1  :  1*3482,  which,  assaaiis 
the  point  on  the  magnetic  equator  in  Peru  as  unity,  will  give  the  magnelk 
intensity  at  Paris  as  1*3482.  This  kind  of  observation  has  since  been  extsaied 
to  nearly  every  known  part  of  the  globe,  and  taU  tables  have  been  pabliiked, 
giving  the  results.  Thus  the  intensity  at  Rio  de  Janeiro  is  0*887;  Cape  of  Good 
Hope,  0-945;  Peru,  1*;  Naples,  1*274;  Paris,  1*348;  Berlin,  1*384;  LondoB, 
1-369;  St.  Petersburg,  1*403;  Baffin's  Bay,  1*707. 

The  most  complete  statement  of  the  results  of  American  observations  on  tbi 
magnetic  elements  has  lately  been  published  by  Dr.  A.  D.  Bache,  in  Abl  J(mr. 
Scl.  [2]  XXIV.,  p.  1,  where  all  the  earlier  observations  are  collated,  with  Um 
moro  extended  results  of  the  Coast  Survey,  with  maps. 

796.  Isodynanodc  lines,  or  lines  of  equal  power,  are  such  as  con- 
nect places  in  which  observations  show  the  magnetic  intensity  to  be 
equal.  These  lines  are  not  always  parallel  to  the  isoclinal  lines* 
although  nearly  so,  and  the  points  of  greatest  and  least  intensity  an 
not  exactly  identical  with  the  points  of  greatest  and  least  inclination. 
Hence  the  intensity  of  the  magnetic  equator  may  not  be  everywhere  the 
same.  These  lines  are  probably  curves  of  double  curvature  returning 
into  themselves,  implying  the  existence  of  two  intensity  poles,  the 
western,  near  Hudson's  Bay,  in  lat.  50°  N.,  Ion.  90°  W ;  and  the  eastern 
or  Siberian  pole,  about  70°  N.,  and  Ion.  120°  E.  The  two  southern 
poles  have  been  placed,  one  to  the  south  of  New  llolland,  in  latw  60^ 
S.,  Ion.  140°  E. ;  the  other,  in  the  South  Pacific,  also  in  lat.  60°  S.,  but 
Ion.  120°  W.  These  four  poles  are  not  therefore  diametrically  opposite 
to  each  other. 

The  terrestrial  magnetic  force  increases  toward  the  south  pole,  nearly  in  thi 
ratio  of  1  :  3,  and  as  both  the  maximum  and  minimum  magnetic  intensity  m 
the  globe  are  found  in  the  southern  hemisphere,  it  would  appear  that  the  ratio 
of  1  :  3  expresses  very  nearly  the  maximum  and  minimum  magnetic  force  of  tha 
whole  earth.  From  the  profound  inquiries  of  Gauss,  it  appears  that  the  abeolat* 
terrestrial  magnetic  force,  considering  the  earth  as  a  magnet,  is  equal  to  six 
magnetic  steel  bars  of  a  pound  weight  each,  magnetized  to  saturation,  for  svsiy 
cubic  yard  of  surface.  Compared  with  one  snch  bar,  the  total  magnetiam  of  ths 
earth  is  as  8,864,000,000,000,000,000,000:  1,  a  most  inconoeivaUo  propaitiMb 
(Harris.) 
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797.  The  inductive  power  of  the  earth's  magnetism  is  mani- 
fested bj  the  polarity  developed  in  any  bar  of  soft  iron,  or  of  steel, 
placed  in  an  erect  position,  as  in  fig.  545,  or  better,  in  the  angle  of  the 
dip  of  the  place.  The  end  of  the  bar  toward  the  earth  is  always 
Austral,  Boreal  magnetism  existing  at  the  upper  end,  B,  and  a  neutral 
point  at  the  centre,  M.  These  facts  are  demonstrated  by  the  action  of 
ft  miall  needle,  held  in  the  hand  at  the  three 
pontions,  shown  in  the  figure.  If  the  experi- 
ment were  made  in  the  southern  hemisphere, 
the  polmiity  would  be  reversed. 

For  this  resson,  all  masBes  of  iron  standing  in  a 
vwtical  poiiUon  b«eome  magnetic.  In  soft  iron  this 
am  ii  transient,  but  in  steel  tools,  especially 
m  are  subject  to  ribration,  as  drills,  the  mag- 
L  developed  is  permanent 
Barlow  found  that  globes  of  iron,  like  bomb  shells, 
a  foot  or  more  in  diameter,  become  miniature  copies 
of  the  earth  by  virtue  of  the  inductive  force  exerted 
■pon  them  by  the  earth's  magnetism ;  having  a  mag- 
Botie  axis  in  the  line  of  dip  at  the  place  of  experiment, 
and  an  equator  at  right  angles  to  their  axis.  Delicate 
Boedlesy  poised  on  the  equatorial  line  of  such  globes, 
■afiered  no  disturbance,  while  in  any  other  position 
Ml  tho  sphere,  both  declination  and  dip  wore  mani- 


Barlow  further  discovered,   that  such   a  sphere 
of  iron,  placed  in  a  certain  relation  to  a  compass 
noodle  on  board  a  ship,  united,  and  harmonized  the  local  attractioDs  of  tbo 
ship's  iron,  so  as  to  free  the  compass  from  the  effects  of  such  disturbing  cuuites. 

798.  System  of  aimaltaneouB  magnetic  obaervationa. — The 
distinguished  Prussian  philosopher,  Alex.  y.  Humboldt,  in  1836,  pro- 
posed to  the  scientific  world  to  set  on  foot  a  series  of  connected  and 
simoltaneous  observations,  to  be  made  over  as  large  a  portion  of  the 
earth's  surface  as  possible,  for  the  purpose  of  establishing  the  laws 
relating  to  the  magnetic  forces. 

In  accordance  with  this  suggestion,  the  leading  governments  of  Europe 
(France  excepted),  and  many  of  the  scientific  societies  both  in  the  old  and  ne<r 
world,  commenced  such  observations,  with  instruments  specially  contrived  fcr 
tbo  parpose,  and  in  buildings  made  without  iron,  both  on  and  beneath  the  earth's 
sarfaee.  Expeditions  were  sent  to  the  Arctic  and  Antarctic  circles,  to  Africa,  to 
Boath  and  North  America,  and  to  the  Pacific  Ocean,  while  at  numerous  stations 
Ib  India,  Bussia,  Europe,  and  North  and  South  America,  hourly  and  simulta- 
■oooa  observations  have  been  carried  on  for  a  long  period,  and  in  many  places 
aro  still  continued.  In  this  way  a  great  mass  of  facts  has  been  accumulated, 
from  a  careful  comparison  of  which  the  laws  of  terrestrial  magnetism  already 
aanounced  have  been  educed  or  confirmed. 

Perhaps  the  most  remarkable  result  of  these  observations  is  the  fact,  first 
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•vtablishod  by  thrani  that  not  only  tht  gramtwr  TarUtloiis  la  tht  aaith't  i 
am,  bat  the  moat  minate  and  irregular  diftnrbaaoet  oeenr  at  the  i 
in  plaeea  the  moat  diatant  flrom  each  other,  ahowiof  m  woaderlU  t 
colnoidenoe  in  the  canaea  of  theae  phenomena  throof  hoot  tha  werid. 

799.  zanes  of  magnetio  foroe.— The  illusferioiM  Eni^iili  pfalloM. 
pher,  Faraday,  has  demonstratod  thai  all  malter  it  siilgeel  to  i 

influenoe. 

Aa  the  eridenoe  on  which  thia  important  indnetkm  reata  la  ^laiy  darini 
frum  the  aae  of  eleotro-magnetlam,  ita  partienlar  oonaldaralloB  fa  moie  eoara- 
niontly  referred  to  that  aal^eot  Hia  general  Tiewa,  eoaneetad  irith  farrMbU 
magnetiam,  may  be  thna  atated.  All  apace  both  abore  and  within  the  BaMliar 
our  atmoaphere  may  be  regarded  aa  trareraed  ty  ItM*  t//orc§,  amosg  vUeb 
are  the  linea  of  magnetic  force.  The  oondition  of  the  tpa«e  mreudiBf  a 
magnet,  or  between  ita  polea  (777),  may  be  taken  aa  aa  illaatntSoa  af  tUi 
assumption.  It  ia  not  more  diAealt  to  conoeiye  of  Ibrea  •t<«^c  withait 
matter,  than  the  oonTcrae,  and  it  ia  certain  that  we  know  nmttar  ehkfly  hj  tha 
effects  it  prodaoea  on  certain  foreea  in  natnre.  The  llnef  of  mafaetie  feica  an 
assumed  to  trarerae  roid  apace  withont  change,  bat  when  they  eoae  is  contact 
with  matter  of  any  kind,  they  are  either  ooneentrated  upon  it»  or  diapcnc^ 
according  to  the  nature  of  the  matter.  Thua  we  know  that  a  aoapended  needk 
is  attracted  axiallg  by  a  magnety  while  a  bar  of  biamath,  and  many  other  aoUd, 
liquid,  or  gaaeoua  bodiea,  similarly  placed  between  the  poles  of  a  magnet,  are 
held  in  a  place  at  right  anglea  to  the  axis,  or  tquatoriiMy.  Hence  all  aabatanea 
may  be  classified  either  aa  thoae  which,  like  iron,  point  azially,  and  are  eaDcd 
PARAXAaiTBTiG  subatanoes,  and  thoae  which  point  eqaatorially,  and  teraiad 
DiAXAomTio.  The  force  which  urges  bodiea  to  the  axial  or  eqaatorial  lines  ii 
not  a  central  force,  but  a  force  differing  in  character  in  the  axial  or  radial  diiee- 
tiuDS.  If  a  liquid  paramagnetic  body  were  introduced  into  the  field  of  force,  it 
would  dilate  axially,  and  form  a  prolate  spheroid ;  while  a  liquid  diaaagnetie 
body  would  dilate  equatorially,  and  form  an  oblate  546 

spheroid. 

The  diag^ram,  fig.  546,  will  aerre  to  render  more 
clear  the  action  of  diamagnetic  and  paramagnetic 
substances,  upon  the  lines  of  magnetic  force.  Thna 
a  diamagnetic  substance,  D,  expands  the  linea  of « 

force,  and  cauaea  them  to  open  outwards,  while  a  paramagnetie  body,  P,  ( 
centratea  these  lines  upon  itself.  Bodies  of  the  first  claaa  awing  lato  the  4 
of  force,  or  lie  at  right  anglea  to  the  lines  of  force,  while  thoae  of  the  ] 
notic  class  become  axially  arranged,  parallel  to  the  linea  of  fbna. 

800.  Atmoapherio  magnetiam. — ^The  diacoyery,  by  Faraday,  of  the 
highly  paramagnetic  character  of  oxygen  gas,  and  of  the  neutral  dia- 
racter  of  nitrogen,  the  two  chief  constitaents  of  the  atmoaphere,  u 
justly  esteemed  a  fact  of  great  impcirtance  in  studying  the  phenomeDa 
of  terrestrial  magnetism.  We  thus  see  two-nintha  of  the  atmoephorab 
by  weight,  consisting  of  a  sabstance  of  eminent  magnetio  oapadty, 
after  the  manner  of  iron,  and  liable  to  great  physical  changes  of  den- 
sity, temporatare,  &c.,  and  entirely  independent  of  the  solid  earth.  Ia 
this  medium  hang  saspended  the  magnetio  bars,  which  are  used  as 
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tofti,  and  this  magnetio  mediam  is  daily  heated  and  cooled  by  the  sun's 
rajs,  and  its  power  of  transmitting  the  lines  of  magnetic  force  is  thus 
affected,  inflaeneing,  undoubtedly,  those  diurnal  changes  already  con- 
eidered. 

801.  Notioiia  of  the  origin  of  the  earth*B  magnetlam. — ^Two 
hypotheses  haTC  hitherto  diyided  the  opinions  of  philosophers  in  ex- 
plaining the  phenomena  of  terrestrial  magnetism. 

The  older  of  these  views  (Hsaeteen'a)  Msumea  the  eziafcence  of  an  indepeo- 
deat  msgnetism  in  the  earth,  with  its  foons,  or  seat,  near  the  earth's  centre. 
This  internal  power  manifests  itself  ohiefly  at  foar  points  near  the  surface,  two 
of  whieh,  at  the  opposite  ends  of  the  supposed  ma^etio  axis,  are  the  most  encr- 
getie,  and  are  known  as  the  magnetio  poles.  The  minor  poles  hare  their  own 
independent  axis,  and  more  aroond  the  principal  axis  from  west  to  east  in  the 
western  hemisphere^  and  the  rererse  in  the  southern,  giring  origin  to  the  well- 
known  phenomena  of  the  secular  rariation  of  the  needle.  Howerer  well  this 
hypothesis  met  the  fiwts  of  terrestrial  magnetism  some  years  since,  the  rapid 
progress  of  our  knowlMge  of  magnetio  phenomena,  both  terrestrial  and  general, 
within  a  short  period,  has  materiah  ihan^fed  scientific  opinion.  The  diurnal 
and  irregular  Yariations  in  (he  magnetic  forces,  cannot  be  explained  upon  Han- 
steen's  hypothesis,  and  especially  the  simultaneous  occurrence  of  these  disturb- 
ances at  different  points  of  obserration.  Nearly  all  bodies  are  now  known  to  be 
susceptible  to  magnstie  inflnenoe,  while  the  maximum  and  minimum  magnetic 
intensity  are  found  in  those  regions  of  the  globe  where  the  minimum  and  maxi- 
mum of  superficial  heat  exist. 

It  is  hence  now  argued,  that  the  crust,  or  surface,  and  not  the  interior  of  the 
earth,  is  the  seat  of  the  magnetio  force.  That  this  force  is  manifested  with  least 
energy  at  the  equator  of  magnetism,  and  with  increasing  power  toward  the 
poles,  where,  as  in  an  artificial  magnet,  it  attains  its  maximum  development, 
because  there  we  find  the  most  perfect  separation  of  the  magnetio  fluids  :  that 
the  coereitiTe  foree  (785)  of  the  materials  of  the  earth's  surface  is  resolved  by 
the  solar  he«t,  and  that  the  depth  to  which  this  separation  occurs  is  closely  cou- 
neeted  with  the  mean  heat  of  the  earth's  crust,  if  not  absolutely  dependent  upon 
it.  Axes  and  poles  have,  therefore,  in  view  of  this  hypothesis,  no  existence  in 
fact,  but  are  merely  eonvenient  mathematical  terms  for  expressing  our  ideas  of 
magnetic  phenomena  more  closely,  just  as  in  crystallography  we  employ  the 
same  terms  for  the  same  reasons. 

In  conformity  to  this  view,  the  manifestation  of  the  magnetic  forces  will  vary 
with  all  the  diurnal  changes  of  temperature,  giving  the  relation  of  cause  and 
effect  between  these  changes,  and  the  magnetio  perturbations.  The  annual  fluc- 
tuations in  the  mean  temperature  of  the  earth's  surface  will,  therefore,  bo  repro- 
duced in  corresponding  movements  in  magnetic  declination  and  dip.  Hence, 
the  magnetio  meridian,  and  the  system  of  isoclinal  and  isogenic  curves  ought  to 
correspond  closely,  as  they  do  with  isothermal  lines,  and  the  peculiar  distribu- 
tion of  temperature  in  both  hemispheres.  Indeed,  we  may  assume,  should  this 
hypothesis  prevail,  that  the  differences  now  noticed  between  the  isothcrmes  an*! 
isogones  (due,  probably,  to  imperfect  observations;,  will  vanish  under  new  and 
more  extended  researches. 

IV.    PRODUCTION  OF  MAGNETS. 

802.  Artifioial  magnets  are  prodaoed  (1.)  by  touch,  or  friction  from 
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another  magnet ;  (2.)  by  indaoti<m ;  (3.)  by  eleotrioal  ennenti ;  ud 
(4.)  by  the  solar  rays. 

The  method  by  touch  is  aocomplbhed  by  Tery  Tarioos  aiodeB  of  m^ 
nipulation,  of  which  we  shall  describe  only  one  or  two,  referring  the 
reader  to  larger  treatises  on  magnetism  lor  fuller  details.  Sbce  the 
introduction  of  the  method  by  electro-magnetism,  the  old  methods  of 
producing  magnets  by  touch  are  fiur  less  important  than  formerly. 

The  oironmaf  noaa  affeotlng  the  ▼aloe  of  magnets,  are  chioAj 
the  nature  and  hardness  of  the  steel,  the  form  and  proportion  of  its 
parts,  and  the  mode  of  keeping.  The  most  uniform  and  fine-gnuned 
cast-steel,  wrought  with  as  little  dis- 
turbance of  its  particles  as  possible, 
forms  the  best  magnets. 

ThiB  ii  tempered  m  high  m  posiible, 
and  the  temper  if  then  drawn  by  heat  to 
a  violet  straw  color,  at  whioh  hardneii 
it  has  been  found  to  receive  and  retain 
a  maximum  of  magnetism.  The  pro- 
portions of  a  bar  magnet  should  be,  for 
width,  about  one-twentieth  the  length; 
and  the  thickness,  one- third  to  one-fourth 
the  width.  In  a  horse-shoe,  the  dis- 
tance between  the  poles  ought  not  to  be 
greater  than  the  width  of  one  of  the 
poles.  The  faces  should  be  smooth  and 
level,  and  the  whole  surface  be  highly 
polished.  It  is  quite  essential  for  pre- 
serving the  power  of  a  magnet,  that  its 
poles  should  be  joined  by  a  keeper  or 
armature  of  soft  iron,  made  to  fit  its 
level  ends,  and  be  suspended,  as  seen  in 
fig.  547.  Thus  armed,  a  magnet  gains 
power;   but  if  left  unarmed,  it  suffers 

material  loss.    Bar  magnets  are  arranged  as  in  fig.  548,  either  four  i 
with  their  opposite  poles  in  contact,  or  two  magnetic  bare,  tide  Vj  iide^  with 
two  pieces  of  soft  iron  joining  their  opposite  poles. 

548 


803.  Magnate  by  toaoh. — ^Touch  one  pole  of  a  powerful  nagaet 
with  one  end  of  a  sewing-needle,  or  the  point  of  a  pen^knifo,  and  il 
])ecomes  instantly  a  magnet^  attracting  iron  filings,  and  repdfing  or 
attracting  the  mag|uetio  needle.    The  ooermtiTe  force  hafl»  in  tlus  i 
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beon  daeorapoflod  by  nmi^le  toach.  If  the  magnet  is  very  powerful,  a 
near  approach  of  the  needle  to  it  without  contact  will  develop  a  feeble 
magnetism  by  induction. 

More  powcrftil  magnetism  is,  howerery  dereloped  by  drawing  the  bar  to  be 
siagfMtised,  from  its  eentre  to  the  end,  lereral  timei  over  one  pole  of  a  magnet, 
ntamittg  it  eaeh  CtsM  throngh  the  air,  and  repeating  the  stroke  in  the  samo 
direetion.  Then  place  the  other  pole  in  the  middle  of  the  bar,  and  stroke  the 
opposite  end  as  before. 

Two  magnets  may  be  placed  together,  with  their  dissimilar  poles  in  the  middle 
of  the  bar,  as  in  ftg.  649,  and  then  be  mored  in  opposite  directions,  at  a  low 

549 


550 


angle,  to  the  extremities  of  the  bar.  The  impregnation  of  the  bar  will  be 
more  powerful  and  speedy  if  it  rests  by  its  ends  on  the  two  opposite  ends  of  two 
other  magnets,  as  practiced  by  CoQk>mb.  By  inspecting  the  letters  in  fig.  549, 
this  arrangement  will  be  qnite  clear.  Care  is  taken  to  prerent  the  ends  of  the 
two  inclined  bars  from  touching,  by  placing  a  bit  of  dry  wood  between  them. 
This  Is  called  §ingU  touch,  and  is  to  be  explained  in  accordance  with  {  785. 

To  magnetise  a  bar  by  means  of  the  doubU  touch,  two  bars,  or  horse-shoe 
magnets  are  fastened  together,  with  a  wedge  of  dry  wood  between  them,  so  that 
their  dissimilar  poles  may  be  about  a  quarter  of  an  inch  asunder;  or  a  horse- 
shoo  magnet  may  be  used  if  its  poles  are  quite  near  together.  The  magnet,  in 
this  mods^  is  plaesd  upright^  on  the  middle  of  the  bar,  and  is  then  rapidly  drawn 
towards  Its  end,  taking  care  that  neither  of  its  poles  glides  oyer  the  end  of  the 
bar.  The  magnet  is  then  passed  orer  the  opposite  end 
of  Iho  bar  as  before.  The  poles  will  be  dissimilar  to 
those  of  Ae  tonching  magnet. 

804.  BOKae-ahoe  magneta  are  easily  mag- 
netiaed  by  connecting  the  open  ends  by  a  soft  iron 
keeper,  while  another  horse-shoe  magnet  of  the 
■ame  aiie  ia  paned  from  the  poles  to  the  bend,  in 
Hm  direetion  of  the  arrow  in  fig.  550 ;  the  poles 
bang  anaaged  as  bdicated  by  the  figure. 

The  easlssi  iMds  of  obtaining  a  maximum  magnetic  eifect  in  a  bar,  by  touch, 
is  that  of  Jaeobi,  tIs.  :  to  rest  its  ends  552 

against  the  poles  of  another  magnet^ 

and  then  to  draw  a  piece  of  soft  iron,      ^ 

called  a  Ibedery  tnm  it  sereral  times  ^^^—^ ^— 
along  the  bar.  This  mode  is  applied  to  V^^^^bi 
borse-shoe  nmgnets,  as  seen  in  fig.  561. 
The  dissimilar  poles  are  placed  together,  and  the  feeder  is  drawn  orer  thd 
borso-sh(N^  Is  the  direetion  of  the  arrow ;  when  It  reaches  the  cnrre,  it  is  to  be 
ST* 
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repUeed,  and  the  procan  repeated ;  tarn  Um  whok  orar  willuNU  wpei  ilim  tte 
polei,  and  treat  the  other  side  ia  lUce  aaiuiar. 

A  horse-shoe  of  one  poand  weight  may  be  that  ehargad,  so  thai  it  wSl  lattaii 
26*5  pounds.  By  th«  best  method  of  tonoh  befota  known,  flg.  660,  SI  Aa  f  oe. 
was  the  highest  attainable  resnlt    (PeteheL) 

805.  Masnets  by  eleotro-masnuflMBL — ^The  node  of  prodnmg 
electro-magnetio  oarrento  will  be  hereafter  deeoribed.  By  their  neaaa, 
powerful  magnets  of  soft  iron  are  easily  produced,  and,  from  these,  bj 
the  methods  of  touch  just  described,  Terj  powerlol  artifieial  magneto 
may  be  made. 

Logemann,  of  Haarlem,  in  Holland,  has  in  this  way  piodneed  the  most  pow- 
erful magnets  erer  made.  One  in  poMession  of  the  author,  snatained  28^  lbs. ; 
its  own  weight  being  1  lb.  The  mode  of  prodaeing  these  powarfU  angasts 
will  be  nndentood  from  flg.  652. 
A  spiral  of  insulated  eopper  wire, 
r,  is  woand  on  a  paste-board  tube, 
A  B,  in  the  manner  of  the  eleetro- 
magnetio  helix.  The  bar  to  be 
magnetised  is  armed  with  two 
heavy  cores,  or  cylinders  of  soft 
iron,  S  N,  just  fitting  the  inside 
of  the  spiral ;  when  in  its  place, 
the  ends  of  the  spiral,  e  s,  are  connected  with  a  few  cells  of  Grora's  or  Baasen's 
battery,  and  the  powerfVil  temporary  magnetism  induced  in  the  masses  of  soft 
iron,  reacts,  to  induce  an  uncommonly  strong  permanent  magnetism  in  the  bar 
of  steel.  A  horse-shoe  magnet  is  charged  in  a  similar  way,  by  endrding  it 
with  a  helix  of  proper  form,  with  similar  armatures  of  soft  iron.  The  doss 
analogy  of  this  mode  to  that  of  Jacobi,  in  the  last  section,  will  be  notioed. 

806.  Compound  magnets  are  made  of  several  plates  of  steel,  sepa- 
rately magnetized,  as  in  fig.  523  and  549.  As  the  coerdtire  powur  of  steel 
appears  to  be  overcome,  chiefly,  on  its  surfaces,  SM 

there  is  an  adTantage  in  multiplying  the  number 
of  plates,  but  as  each  plate  serves'  to  neutralise  a 
portion  of  the  polarity  of  its  neighbor  (sunilsr 
poles,  of  necessity,  being  brought  into  contact), 
there  is  soon  found  a  limit  beyond  which  there  is  ]g 
no  advantage  in  extending  these  batteries. 

Large  magnets  are  not  as  powerfU,  in  proportioa  to 
^their  weight,  as  small  ones.  Sir  Isaao  Newton  is  said 
*to  hare  worn  in  his  finger-ring  a  magnet  (lodestone) 

weighing  three  grains,  and  capable  of  snstainiag  ovar 

250  times  its  own  weight  (760  grains).    A  ledestona 

of  three  or  four  pounds  weight  mounted  ss  in  fig.  584, 

can  rarely  sustain  over  two  or  three  times  its  own 

weight 
The  most  powerfVU  artificial  magnet  on  reeord,  was 

that  made  by  Dr.  G.  Knight,  of  London,  and  now  in 

posf Sf tion  of  the  Royal  8oQV«ty.   1\.  «oiv%\%\aA  ^t  tw<^  vhnaatle  handlss^  sssk 
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of  S40  powwlbl  Iwr  magiMti  ire  UmI  in  length,  monnted  on  wheels ;  between 
the  ond  pUtes  of  thii  oomUnftUon,  the  poles  of  the  most  enerfcetie  single  msgnet 
ipere  xeyened  or  powerfoUj  reinforeed. 

807.  liagnetlflm  of  mtmel  by  the  sun's  rays. — Alihoagh  the  fact 
is  doabted  by  some  experimenters,  the  weight  of  testimony  appears  to 
sappori  the  eonclnsion,  that  the  sun's  violet  rays  possess  the  power  of 
inducing  permanent  magnetism,  when  poncentrated  by  a  lens,  on  steel 
needles. 

808.  To  dapriTe  a  magnet  of  its  power,  it  is  only  necessary  to 
reverse  the  order  adopted  to  impart  magnetism  to  it,  stroking  it  from 
the  ends  to  the  centre  with  poles  of  the  same  name  opposed.  In  this 
way  the  magnetic  virtae  may  be  wholly  or  very  nearly  destroyed. 

The  approeeh  of  a  Ibeble  nugnet  to  a  strong  one  may  rererse  i^  polarity. 
LeaTing  a  magnet  withont  its  keeper  greatly  impairs  its  power.  Suddenly  jerking 
it  off  the  keeper,  or  striking  it  with  a  hammer,  in  a  way  to  make  it  ribrate,  does 
the  same.  Heat  aeeomplishes  the  total  destmotion  of  magnetism,  and  in  short, 
anything  wfaieh  weakens  its  ooeroitiTe  power.  Conrersely,  hanging  an  armed 
magnet  in  the  position  it  wonld  assume  if  free  to  obey  the  solicitation  of  the 
foroes  of  terrestrial  magnetism,  is  the  best  position  to  h,woT  its  greatest  develop- 
ment. Bvery  magnet  whioh  has  been  charged  while  its  poles  are  connected  by 
a  keeper,  possesses  more  power  before  the  keeper  is  remored  than  after.  It  is 
indeed  OToroharged,  and  the  excess  may  be  likened  to  that  residual  force  which 
retains  the  keeper  of  an  eleotro-magnet  in  its  place  after  the  circuit  which  excited 
it  is  broken,  or  to  the  residual  charge  of  a  Leyden  jar.  Every  time  the  keeper 
of  a  magnet  is  moved  suddenly,  a  loss  of  power  is  sustained,  and  hence  the 
keeper  should  be  removed  by  sliding  it  gradually  oiT  endways,  and  only  when 
it  is  required  for  the  performance  of  an  experiment 

{  2.  Statical  or  Friotional  Electricity. 

I.    XLBCTRICAL  PHXNOXXNA. 

809.  Definitions. — ^Electricity  is  the  ethereal  or  imponderable  power 
whieh  in  tme  or  another  of  its  forms  affects  all  onr  senses.  In  this 
reepeet  il  is  unlike  all  other  ethereal  infloences.  It  appears,  as  far  as 
out  knowledge  goes,  to  extend  throughout  nature,  and  is  probably  con- 

I  inseparably  with  matter  in  every  form.  Bodies  in  their  natural 
1^  no  endence  of  its  presence,  but  by  different  means  it  may 
ba  emkod  fimm  all.  Hence  Hatical  dectrieUy  implies  that  condition  of 
Hiii  sabUe  ether  existing  in  all  bodies  in  a  state  of  deetriaU  quiescenee. 
flMlial  ^toetrieity  is  the  opposite  of  that  state  of  excitement  following 
ftisHoa,  ehemical  action,  &c.,  which  is  called  dynamic  eUetricUy^  or 
etootiiflity  in  motfon. 

An  arbitrary  meaning  bas,  however,  attached  itself  ip  the  terms 
•tatieal  and  dynamical  electricity,  materially  different  from  the  exact 
meaning  of  thoee  terms  aa  used  in  mechanics.  SUUieal  or  friotional 
rieeirieity  means  only  that  form  of  eleotrioal  ezeitement  produced  by 
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friotion,  while  dynamioal  eleoiriei^  k  ft  tern  oonfiiied  to  tiie  elaetrieal 
excitement  prodaoed  bj  ohemical  ftetion,  or  Tolteie  deetnoity.  Skiiedj 
speaking,  all  quiescent  electricity  is  sioHe^  md  all  eleetrkn^  in  motion, 
from  whateTcr  source,  is  dffnamie,  Saob,  however,  is  not  Hm  eetibliihwl 
use  of  these  terms. 
EUdricUy  is  a  term  deriTed  from  the  Qteek  word  for  ftaher  (^fiUxr^). 

The  AnoienU  kn«w  this  redii  to  be  eepahle  of  lAuX  we  bow  eell  etoebicsl 
exoitement,  wh«i  it  was  nibbed. 

810.  The  ohiof  ftoiirooft  of  eldotrloal  ezciteniMit  are:— lst» 
FricHon  of  dry  substances,  as  of  j^ass,  by  catPs  fur  or  silk,  and  of 
sulphur  or  resm  by  flannel :  this  is  ordinary  or  atatieal  eloetrieily ;  that 
of  the  atmosphere  and  of  oommon  electrical  maehinee;  Sd,  CktmiM 
action^  or  .the  contact  of  dissimilar  substances,  under  eircnrastanesi 
favorable  to  chemical  change;  3d,  Magnetism,  prodooing  magneto- 
electricity;  4th,  Heal^  or  thermo-electridty;  5th,  Animal-eleetridty. 

The  electricity  firom  all  theee  sereral  modes  of  ezeitemeiit  diAn  in  degree 
and  intensity,  aoeording  to  ite  ■onroe,  bat  not  In  kind,  aad  eadi  may,  in  tan, 
be  cause  or  eifect    Each  will  be  the  labjeet  of  separate  ooBstderatiim. 

811.  Electrical  effeota. — A  dry  and  warm  glass  rod,  rubbed  with 
a  oat's  fur  or  silk  handkerchief,  is  excited  in  such  a  manner  as  to 
attract  to  itself  bits  of  paper,  shreds  of  silk  or  cotton,  metallic  lea( 
pith,  feathers,  and  a  variety  of  light  substances,  heading  them  for  an 
instant,  and  then  repelling  them  again,  to  the  table  or  8upport»  as  in 
fig.  554.  554 

In  the  dark,  a  feeble  bluish  light  is  seen  in  the  path 
of  the  rubber.  If  the  excited  glass  is  presented  to  the  | 
knuckle,  or  to  a  metallic  body,  a  bright  pnrple  spark 
will  dart  off  from  the  glass,  with  crackling  sound,  to 
the  object  piresented.  Brought  near  to  the  face,  a  creeping  sensation 
is  felt,  as  if  a  delicate  cobweb  was  in  contact  with  the  akuou  ^Riese 
effects  are  produced  by  the  rubber,  as  well  as  by  the  body  mbbed,  and 
may  be  eTolved  from  a  number  of  substances  as  well  as  from  g^aas.  A 
peculiar  odor  always  accompanies  electrical  excitement,  thua  completing 
the  list  of  the  effects  of  this  subtle  agent  on  our  senses,  if  we  ftdd  the 
taste  from  voltaic  electricity. 

Bodies  thni  excited  are  said  to  be  ^UdriJUd;  a  eoadltioB  whiA  fa  ealy 
transient. 

These  very  simple  experiments,  which  can  be  repeated  anywhere  and  with  the 
fimplest  means,  contain  the  germ  of  electrical  science. 

812.  Attraotion  and  repulaion. — ^In  the  electrical  pendnlnm,  fig. 
655,  the  pith-baU  is  first  attracted  to  the  excited  glass  or  re8in«  and  at 
the  next  instant  is  repelled,  ontil,  by  touching  aome  body  in  i 
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with  the  eftrth,  or  in  some  other  way,  it  has  parted  with  its  excitement. 

The  two  balls  in  fig.  556,  when  thas  555 

excited,  mntnallj  repel  each  other, 

becaose  thej  are  similarly  excited. 

The  light  bodies  in  fig.  554,  oscillate 

between  the  table  and  the  rod,  first 

by  attraction,  and  then  by  repal- 

sion ;  when,  losing  their  excitement 

by  contact  with  the  table,  they  are 

again  attracted,  and  so         ^^ 

on.   So  with  the  balls  in  . 

fig.  556.    We  recognise  A 

in  these  simple  experi-        yj^^ 

ments  the  similarity  1 

tween  these  actions  and 

the    law   of   magnetic 

attractions  and  repulsions.  Bodies  similarly  excited  repel,  and  those  which 

are  of  unlike  exeiiemeni  attract  each  other. 

The  phenomena  of  attraction  and  repulsion  are  not  however  so  simple  as 
might  at  first  appear,  since  for  their  correct  explanation  a  knowledge  of  the 
phenomena  of  iwiuetion  is  required,  and  these  remain  to  be  explained  further  on. 

813.  Vitreoua  and  reainoua,  or  poaitive  and  negative  electri- 
cities.— The  species  of  electrical  excitement  depends  upon  the  kind 
of  material  which  is  subjected  to  friction.  If  the  pith-balls,  fig.  556, 
are  repelled  by  the  excitement  from  glass  rubbed  by  silk,  they  will  be 
attracted  by  a  stick  of  wax,  gum  lac,  or  sulphur  rubbed  by  flannel ;  or 
vice  versa. 

This  difference  of  action  is  due  to  an  inherent  difference  in  the  two 
substances,  and  the  kind  of  electrical  excitement  which  the  two  respec- 
tiT^y  produce,  is  entirely  opposite  and  antagonistic  each  to  the  other. 
The  one  is  vitreous  or  positive,  the  other  resinous  or  negatiTC.  This 
fundamental  distinction  in  the  kind  of  excitement  produced  by  friction 
in  various  substances,  was  first  recognised  by  the  French  philosopher, 
Dn  Fay,  in  1733,  and  was  re-discovered  by  Franklin  in  1747.  Glass 
and  resin  are  but  types  of  two  large  classes  of  substances,  which  pos- 
sess more  or  less  perfectly  this  characteristic  difference  in  respect  to  the 
sort  of  electricity  which  they  are  capable  of  developing. 

Bleotroacopes  serve  to  distinguish  the  two  sorts  of  electrical  excite- 
ment from  each  other.  The  pith-balls,  fig.  556,  form  a  convenient 
electroscope — two  silk  ribbons,  or  the  electrical  pendulum,  fig.  555, 
antww  the  same  purpose.  Much  more  delicate  instruments  of  this 
kind  wiU  be  described  shortiy. 
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It  It  <ml7  raqiiliito  to  «E«it»  tlie  Mlf,  if  .  U<k  with  Inowa  viteMM  «r  I 
•lectrioity,  when  the  epproMh  of  any  exeited  body  wboM  eleetrieal  ateta  u  ob- 
known,  will»  if  of  the  wme  kind,  caaie  *  fiMrther  zvpnliioii,  ud  if  of  »  diftrad 
•orty  will  oocaiion  an  altraetion  of  the  balb. 

814.  Conduotoxs  of  eleotrioitj.— Bodies  eleotridillytsmtedpiit 
with  their  excitement  Tariooaly,— wune  instuitly^  others  wvj  dowly,— 
depending  both  on  the  natore  of  the  enhstMioe  ezeiled,  miid  of  iSbam 
with  which  it  is  bronght  in  oontiet  The  pith-bslls  of  (he  eleetroseope 
lose  their  excitement  very  slowly,  the  electridty  being  remored  only 
by  the  sarronnding  air.  Touched  by  the  finger,  or  a  meitalUc  body  m 
connection  with  the  earth,  they  are  instantly  discharged,  and  retom  to 
their  natural  unexoited  condition.  The  electridty  is  remored  by  com- 
dudum  over  the  tonchmg  bo^J*  ^^^  ^  bodies  Tary  ytrj  moch  in 
their  power  to  oondact  electricity,  they  are  called  ffood  and  bad  eondMC' 
iors^  or  eandudors  and  iiiimFe(mducU)r8, 

Oood  oondaotoTB  prbpag^  the  exdtement  to  all  parts  of  their 
surface,  and  when  in  connection  with  the  earth,  part  trith  h  as  quickly 
as  they  receive  it 

The  following  are  among  the  good  conducting  bodies,  placed  in  the 
order  of  their  conducting  power.  The  metals,  as  a  dass  (sUTer  and 
copper  standing  first,  and  lead  and  quicksilver  last),  well-burnt  char- 
coal, plumbago,  coke,  hard  anthracite,  adds,  saline  solutions,  numerous 
fluids,  metallic  ores,  sea,  spring,  and  rain  water,  ioe  above  13^  F., 
snow,  living  things,  flame,  smoke,  vacuum,  vapor  of  alcohol  and  ether, 
earths  and  moipt  rocks,  powdered  glass,  and  flowers  of  sulphur. 

Bad  oonductoxa  receive  and  part  with  electridty  very  slowly.  If 
touched  by  an  electrified  body,  they  receive  excitement  only  at  the 
point  touched ;  or  if,  when  excited  over  their  whole  surfiuse,  they  are 
touched  by  a  good  conductor,  the  excitement  is  removed  only  from  the 
part  touched.  They  retain  free  electridty  for  a  long  time,  and  obstruct 
its  motion. 

Insulation. — Good  conductors  are  capable  of  manifesting  deetrical 
excitement  only  when  their  communication  with  the  earth  is  cut  off  by 
some  bad  conductor.  So  situated,  they  are  said  to  be  inntUtied,  and  tlM 
poor  conductors  used  for  this  pup- 
pose  (glass,  resin,  or  dry  wood),  are 
called  instdaiors.  Fig.  557  shovrs 
a  brass  tube  thus  insulated  by  a 
handle  of  glass.  Among  the  chief  insulating  bodies  are  the  foUowing, 
placed  in  the  reverse  order  of  their  insulating  power,  ^s. :  dry  metallie 
oxyds,  oils,  ashes  ice  below  13®  F.,  many  crystalline  bodies,  lime  and 
chalk,  lycopodium,  native  eaoutchouc,  camphor,  porcelain,  dry  vegsta 
blcs,  bnk<:d  wood,  dry  air,  and  gases,  steam  above  212®,  leather,  pave^ 
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BMnt,  paper,  hair,  dyed  silk,  white  silk,  diamond  and  precious  stoDos, 
mica,  glass,  jet,  wax,  sulphur,  the  resins,  amber,  gum  lac.  Gutta  per- 
cha,  and  whalebone  rubber,  are  among  the  best  insulators  known; 
probably  better  than  gum  lac. 

8011M  bodiM  which,  whMi  solid,  are  non-eondaeton,  beeome  oondnotors  when 
liqueAed  by  ftasioB,  rii.:  metallic  chloridi,  glau,  wax,  salphnr,  reain,  Ao.  Heat 
diminiihet  the  deetrio  conducting  power  of  metali.  Length  of  oondnctor 
retards  eleetrieal  motion,  while  an  increase  in  other  dimensions  fkyors  the 
rapid  transmission  of  deotricitj.  Erery  body  has  a  certain  tUetrieal  retarding 
powr  (818),  which  is  inrene  to  its  conducting  power.  Tables  of  electrical 
eondttcting  powers  will  be  found  in  larger  works ;  bnt,  in  general,  this  power  is 
Tery  nearly  the  sane  as  any  giren  body  has  for  conducting  heat 

815.  The  earth  la  the  great  oommon  reaervoir  or  receptacle  into 
which  all  electrical  excitements  are  returned,  and,  regarded  as  a  whole, 
is  a  good  conductor.  The  air,  even  in  its  ordinary  condition,  is  a  very 
poor  oonductor,  and,  in  view  of  its  immense  extent,  is  by  far  the  most 
important  of  non-conductors.  It  serves  to  insulate  the  earth  in  a  non- 
conducting envelope,  more  or  less  perfect,  in  proportion  to  its  density, 
and  the  absence  of  aqueous  vapor.  Except  for  this  property  of  the  air, 
all  electrical  phenomena  would  have  remained  invisible  and  unknown 
to  us.     The  earth  is  always  negatively  excited. 

In  a  vacuum,  all  electrified  bodies  speedily  lose  their  excitement, 
while  in  dry,  dense  air,  they  retain  it  longest.  Nevertheless,  slight 
electrical  excitement  can  be  produced  in  a  vacuum  by  friction. 

816.  Theoriea  of  eleotrioitj,  or  electrloal  hypothesea. — Philo- 
phers  generally  agree  in  attributing  the  phenomena  of  electricity  to 
the  existence  of  an  assumed  tUctrical  fluid.  This  supposed  fluid  is  so 
subtle  and  ethereal  as  to  escape  detection  by  all  the  means  used  to  re- 
o(^ise  matter,  being  imponderable,  and  manifesting  itself  only  by  its 
effects.  It  is  assumed  to  pervade  all  nature,  and  to  exist  in  a  state  of 
combination  or  electrical  quiescence  in  all  bodies  in  their  natural  state. 
This  quiescence  is  disturbed  by  friction,  and  various  physical  and 
cfaemiml  causes.  All  electrical  phenomena  are  supposed  to  be  due  to 
the  ^orts  of  the  electrical  fluid  to  regain  its  previous  condition  of 
atalic  equilibrium.  Two  principal  hypotheses  have  been  devised  to 
explain  the  phenomena  of  electricity,  namely :  Ist,  that  of  Franklin 
and  ^pinus  ;  2d,  that  of  Symmer,  sometimes  attributed  to  Du  Fay. 

Fnuiklin*8  aingle-floid  hypothesis  is  recommended  by  its  sim- 
plioitj,  and  was,  for  a  long  time,  the  view  generally  adopted,  both  in 
Bn^and  and  America.  It  assumes  a  single  electrical  fluid,  whose  par- 
tides  are  self-repellent,  but  attracted  by  matter  of  all  kinds,  combining 
therewith,  and  when  so  combined,  losing  thu  self-repellent  tendency. 
This  fluid  is  present  in  all  bodies,  but  in  varying  proportion,  each  sub- 
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Btance  possessing  a  oertom  capamtj  of  satoratioii  poeuliar  to  itasLL 
In  its  natural  state,  eyery  substance  has  exactly  its  own  quantitj  of  ths 
eloctrio  fluid,  and  is  consequently  in  a  state  of  electrieal  indifference. 
If  any  cause  of  electrical  excitement  exists,  this  atate  of  qvuesoence  is 
disturbed,  and  the  body  becomes  neffoiivdjf  electrical,  if  its  natanl 
charge  is  diminished,  and  poaUMljff  if  it  u  in  excess.  By  this  hypolh- 
esis,  bodies  become  electrical  eiUier  by  addition  to,  subtractaon  firooi, 
or  disturbance  in  the  equal  distribution  of,  the  normal  quantity  of  the 
electric  fluid  furoper  to  them.  In  those  bodies  which  manifest  posttite 
electricity,  the  equilibrium  is  restored  by  parting  with  the  excess,  and 
in  those  whose  excitement  is  negatiTC,  by  receiving  from  surrounding 
bodies  enough  to  satisfy  their  deficiency. 

TbU  hypotheaU  will  be  recognised  as  strikingly  like  that  oommoBly  reoeiTed 
in  explanation  of  the  equilibrinm  of  heat 

JBpinus  found,  that,  in  order  to  aeeoant  mathematieaUy  for  the  mutual  repul- 
sion of  two  negatiyelj  electrified  bodies  on  the  single-fluid  hypothesis,  it  was 
necessary  to  assume  tiiat  the  particles  of  matter  were  mutually  repnlsire  instead 
of  attractlTc,  according  to  the  Newtonian  law  of  uniTersal  attraetion.  This 
reduetio  ad  ab^urdem  has  led  to  the  almost  unirersai  r^eetion  of  the  Fraaklin- 
ian  hypothesis. 

The  hypotheaia  of  Symmer.  or  Da  Fay,  assumes  the  existence 
of  two  fluids,  extremely  tenuous,  imponderable,  in  the  highest  degree 
expansive,  mutually  repellent  (as  a  consequence  of  this  expansire 
nature),  and  yet  possessing  a  strong  mutual  attraction  when  not  opposed 
by  any  obstacle.  They  therefore  combine,  when  fayorably  situated  so 
to  do ;  and  when  equally  combined,  their  expansive  and  repellent  forces 
are  neutralized,  and  electrical  quiescence  results.  Elach  of  these  kinds 
of  electricity  may  exist  separately ;  they  are  then  in  a  state  of  antago- 
nism, and  exhibit  polarity,  and  other  electrical  effects.  Every  sub- 
stance becomes  thus  excited  whenever  any  part  of  its  natural  electricity 
is  decomposed  by  friction  or  otherwise.  If  a  plate,  it  may  possess  ths 
two  electricities  on  its  opposite  sides,  one  being  vitreous,  and  the  other 
resinous ;  if  a  rod,  the  decomposition  of  a  part  of  its  natural  electridty 
will  make  the  rod  vitreous  at  one  end  and  resinous  at  the  other.  When 
the  cause  of  excitement  ceases,  the  two  fluids  reunite,  and  quiescence  b 
restored.  By  this  hypothesis,  all  electrical  phenomena  arise  from  the 
tendency  of  the  two  fluids  when  separated  to  reunite  and  neutraliae 
each  other. 

Either  of  these  two  views  is  capahle  of  explaining  most  electrical  phennmimi. 
but  the  weight  of  scientific  opinion  is  now  in  favor  of  the  last.  NeitW  view 
can  bo  actually  true,  since  the  itrm  flnid  is  only  a  convenient  expresslim  for  an 
unknown  cause,  and  there  \»  no  reason  why  we  should  assume  the  ezisteaee  of 
a  separate  fluid  or  ether,  as  a  medium  for  light,  heat,  or  magnetio  elaetrid^f 
when^it  is  more  in  aeoordanee  with  a  sound  philosophy  to  assuna  that  thsis 
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wpftrmtt  mmniftttatioiii  m  \mi  ftmetions  of  the  ethereal  medinm  which  fills  the 
nniT«ne,  sad  from  whose  correlations  to  the  particles  of  matter,  all  physical 
phenomena  proceed.    Compare  ^§  765-772. 

817.  XUeotrical  tenBion.— This  term  is  employed  to  expreaH  that 
eondilioD  of  bodies  in  wbioh  the  electricity  is  free — a  condition  the 
rerene  of  eleetrical  quieecence.  This  condition  is  well  illustrated  in 
the  phenomena  of  the  Leyden  jar,  {  847,  where  there  is  perfect  equi- 
librium between  the  excitement  of  the  outer  and  inner  surfaces,  due  to 
thm  antagonism.  The  energy  with  which  the  decompoeed  electricities 
reunite,  when  communication  is  made  between  them,  shows  the  state 
of  tension  in  which  they  existed.  This  may  be  regarded  as  analogous 
to  the  tension  of  a  bent  spring,  in  which  equilibrium  is  regained  by  a 
reacticm  equal  to  the  compressing  force.  Electrical  tension  is  a  condi- 
tion of  constrained  equilibrium,  and  when  the  free  electricities  to  which 
it  is  due,  reunite,  an  eleetrical  current  is  produced  from  the  reaction  of 
the  opposing  fluids,  analogous  to  mechanical  motion  from  the  recoil  of 
a  spring.  From  this  state  of  electrical  tension  are  derived  the  primary 
effects  of  electricity,  and  from  electrical  currents  arise  its  secondary 
effects.  All  electrified  bodies  manifest  electrical  tension  ;  they  attract 
other  bodies,  decomposing  their  natural  electricity,  deriving  from  them 
a  portion  of  the  opposite  fluid.  If  this  is  insufficient  to  satisfy  the 
antagonism  of  the  excited  electric,  the  attracted  bodies  are  next  re- 
pelled (812).  Hence,  two  bodies  equally  excited,  but  of  opposite  names, 
attract  each  other,  and  reunion  of  the  two  fluids  with  electrical  indiffer- 
ence results.  If  one  contained  an  excess  of  either  fluid,  both  remain 
excited  after  contact,  with  that  description  of  electricity  which  was  in 
excesff;  the  excess  being  divided  in  the  ratio  of  their  surfaces. 

XUeotrioal  ouirents  are  either  momentary  or  permanent. — The 
first  occur  when  contact  is  formed  between  substances  oppositely  ex- 
cited by  friction  or  otherwise,  and  their  effects  are  instantaneous  and 
transient 

Permanent  electric  currents  arise  only  from  the  sustained  action  of 
some  continuoas  cause ;  as,  from  the  continued  motion  of  the  electrical 
machine,  or,  more  simply,  from  the  chemical  action  of  unlike  substances, 
as  in  the  Toltaic  battery,  in  which  the  electrical  current  is  kept  up  as 
long  as  any  chemical  action  exists. 

818.  Path  and  Taloolty  of  eleotxio  onrrenta. — If  several  con- 
dneting  paths  are  open  to  an  electric  current,  it  will  always  choose  the 
shortest^  and  that  in  which  it  meets  the  least  resistance.  If  the  cur- 
rent is  powerful,  and  the  conductor  inadequately  small,  its  passage  will 
be  marked  by  light,  and  perhaps  by  the  combustion  and  deflagration 
of  the  eondootor.    The  Telod^  of  statio  eleotridty,  by  Wheatstone's 
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•zperiments,  OTer  a  copper  wire,  WM  found  to  be  2SSJX0  milei  ia  t 
•eoond — nearly  half  agMo  more  than  the  TelooHj  of  light  ({  404). 

It  app«urt  from  Dr.  Gould'i  diteussloii  (Am.  Joar.  Set  [2]  XI.,  Ul),  of  tht 
▼ery  nameroas  telegrAphie  obferratioai  ia  the  Ualted  States,  BMde  wbdm  tkt 
direction  of  Prof.  Beehe,  fbr  the  Coeit  Sarvey,  aad  by  othar  aetreaeatn,  iktk 
the  reloelty  of  a  Tolteie  earreat,  whea  the  eerth  fSranu  part  of  the  eiroai^  don 
not  exceed  16,000  milei  per  leeond,  aad  It  hM  heea  oMaiared  as  lew  st  ll,iM 
milei  per  leeond ;  ihowing  a  great  reterdiag  foree  hi  a  eoadaetor  of  IMO  ailii 
eireuit  la  the  f^oae  Atleatie  eeble,  the  oleetrlcal  retardatioa  wee  mmA 
greater  thaa  thii,  heiag  adxed  with  the  Meompaayiag  pheaoaMaa  of  SadeetJoe. 

II.    LAWS  or  BUECTRICAL  fOBCBS  AMD  DISTftlBUTIOir  OF  XLaCTBICITr  VFOI 
TBE  BUaFACI  OF  BODIM. 

819.  Ooolomb's  Uws.— CoQlomb  (died  1806),  a  dietingoidied 
French  physicist,  by  the  use  of  the  torsion  balance,  firai  demoostratsd 
the  following  laws  of  electrical  attractions  and  repalaione: — 

1st  Tufo  excited  bodie$  aiiraei  and  repd  each  MerwHh  afom  pnpet- 
UoncU  to  the  inverse  square  of  their  disUmeeifrom  each  other, 

2d.  The  diaianeee  remaining  the  same,  the  aUradionM  and  rqmlnom 
are  directly  as  the  quaniiHes  of  deotrieUy  possessed  by  the  Uoo  bodies. 

Coulomb's  laws  of  torsion  haTC  already  been  demonstrated  (266). 
He  happily  applied  these  principles,  first  established  by  himself,  to  the 
measurement  of  electric  forces  in  his  tor-  559 

sion  electrometer. 

820.  Toraion  electrometer. — ^This 
instrument,  fig.  558,  consists  of  an  ex- 
terior glass  cage,  protecting  a  slender 
needle,  no,  of  gum  lac,  suspended  by 
a  fine  wire  of  silver  or  platinum,  cen- 
trally attached  to  the  under  side  of  the 
cap,  e,  upon  the  tube  d. 

This  cap  \m  gradaated,  and  tarns  like  the 
corer  of  a  box.  The  gradoation  is  read  at 
the  yemier,  a.  A  small  weight,  o,  of  brass, 
keeps  the  wire  tense,  while  throngh  it  the 
gum  lao  needle  passes.  At  one  end  of  the 
needle,  n,  is  a  small  gilded  ball  of  pith,  or  a 
disk  of  tinsel  paper.  The  eorer  of  the  glass 
ease  is  perforated  for  the  free  passage  of  a 
glass  insulating  rod,  t,  oarrying  a  polished 
brass  ball  at  m.  The  glass  eage  is  gnulaaied 
in  %  Kone  at  C,  Into  800  degrees,  to  measure 
the  angular  spaces  traversed  by  the  needle. 

The  lero  of  the  graduation,  and  of  the  arc  oa  the  eap,  are  both  «i^4r  la  c  _ 
spend  (by  rerolring  the  tube,  d,)  with  the  normal  position  of  the  anils  vhss 
at  rest,  aad  aaezelted.  To  avoid  the  loss  of  eleetfielty»  the  air  in  Iho  oms  b 
kept  dry  by  a  littta  qaSekA&aa,iB!^»oed  la  a  dish  fi»r  thai 
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821.  Damonstmtloii  of  the  first  law. — ^The  apparatas  bein^  thus 
anmoged,  the  insalated  rod,  i,  is  withdrawn,  and  the  ball,  m,  plaoM  in 
contaet  with  some  excited  BOrface— as  the  electrical  machine.  Thus 
ezdted,  m  ia  immediately  retamed  to  its  place  by  the  insulating  handle, 
taking  care  thai  it  tonehee  nothing.  Forthwith  the  disk,  n,  is  attracted 
to  as,  is  oppositely  electrified,  and  then  repelled  with  a  force  propor- 
tioned to  the  intensity  of  si.  After  a  few  oscillations,  n  comes  to  rest 
say  at  30  degrees  on  the  gradoated  circle.  This  angle  then  represents 
the  repellent  force  of  the  electricity  on  m,  since  the  torsion  of  a  wire 
is  directly  as  the  twisting  force.  But  what  would  be  the  force  requi- 
site to  hold  the  disk^n,  in  equilibrium  at  half  this  angular  distance,  or 
15^?  Bevolving  the  moTable  circle,  e,  in  the  direction  of  the  arrow, 
we  find  it  is  necessary  to  carry  it  from  0  to  105%  in  order  that  the 
needle  may  point  to  15%  The  wire  is  then  twbted  at  top  with  a  force 
of  105%  and  at  bottom  with  a  force  of  15%  giving  120^  as  the  angle 
representing  the  force  with  which  the  two  electrified  bodies  repel  each 
other,  at  the  distance  of  15*^— or,  at  half  the  distance,  we  have  quad- 
ruple the  force ;  at  one-third  the  distance,  or  7i°,  the  force  would  be 
472***6  +  7**'6  =s  480®,  according  to  the  law  of  inverse  squares. 

In  like  manner,  reversing  the  electricities,  we  prove  that  the  force 
with  which  two  electrified  bodies  attract  each  otlier,  is  inversely  pro- 
portional to  the  square  of  the  distance  by  which  they  are  separated. 

822.  Demonstration  of  the  seoond  law. — Having  repelled  the 
needle,  n  o,  by  the  excited  ball,  m,  withdraw  the  latter,  and  touch  it  to 
a  seoond  metallic  ball  of  the  same  size,  insulated  on  a  glass  handle. 
The  ball,  fs,  parte  with  half  its  electricity  to  the  second  ball  (827). 
Now  return  it  to  the  torsion  balance ;  it  will  be  found  that  the  needle, 
n  o,  is  repelled  to  a  distance  equal  to  its  former  distance  multiplied  by 
the  square  root  of  one-half,  IX  =»  D\/i,  Touch  m  again  to  the  second 
baU«  as  before,  and  it  will  then  repel  the  needle  to  a  distance  equal  to  the 
first  distance  multiplied  by  the  square  root  of  one-fourth,  ly^  =  ^^h 
and  so  on. 

Sir  ^MTm.  S.  Harris,  of  EnglaDd,  by  the  via  of  a  bifllar  electrometer, 
wideh  sabstitales  the  foroo  of  gravity  for  that  of  torsion,  has  shown  that  the 
two  hiws  of  Coulomb  are  not  strictly  accurate,  unless  the  two  excited  bodies 
have  the  same  sise  and  form,  or  unless  the  sections  of  the  opposing  parts  are 
eqssL  The  result  of  his  determinations  is,  that  the  attraction  is  directly  propor- 
tloBst  te  the  number  of  points  immediately  opposed  to  each  other,  and  inversely 
lo  the  square  of  their  respective  distanoes. 

823.  Proof-plane. — ^For  the  purpose  of  determining  the  relative 
qnantitiee  of  electricity  that  are  found  on  the  different  parts  of  the  sur- 
fiMe  of  an  electrified  conductor,  a  contrivance  called  a  proof-plane  is 
need*  It  is  nothing  bat  a  a  nail  disk  of  tinseli  «  metal^  insolajtad^  ta  vol 
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the  ball,  fit,  of  the  torsum  Ulanoe,  fig.  558.  lids  »  tooolied  to  Um 
surface  whose  electrioitj  is  to  be  ezamiiied,  and  raoeivea  tfaenfinMi  a 
qaaotity  of  eleotrioi^  eqnal  to  the  Mun  of  both  of  ila  own  enriacea  It 
may  then  be  inserted  in  the  balaaee  of  lonSon»  or  uaed  on  anj  o^ber 
eleotrosoope.  The  eleetrieity  on  the  body  loiielMd  ia  diaurahed  to  the 
same  extent,  bot  when  the  proof-plane  ia  mall,  eooiparad  with  the  sita 
of  the  «xcited  oondnotOTt  no  aenaible  error  oaii  araa  fkooi  lius  km. 
The  most  important  eoorte  of  «nor  to  be  gnarded  againat  in  the  est 
of  this  instrument,  ariaea  fhNB  tbe  eflbota  of  indaetioD,  prasentty  to  be 
explained. 

824.  Blectitolty  laald—  only  on  fshm  ootar  amfaoaa  of  emcttad 
bodioa,  and  not  in  their  subatanoa^  or  on  their  interior  aorlaaea.  This 
fact  is  attributed  in  part  to  the  repn]ai¥e  power  td  the  eleotrie  ilaid 
acting  upon  the  partioles  of  matter  interiorly,  thus  driving  the  exeit^ 
ment  to  the  outer  surface,  where  it  meets  the  non-eoodoetiag  air,  sad 
is  arrested.  It  is  also  due  to  the  indaoUve  influenee  of  the  electricity 
of  surrounding  bodies,  and  of  the  walls  of  the  room.  The  following 
oxpcriments  will  illustrate  this  law.  569 

A.  Electrify  the  metal  sphere,  a,  fig.  569,  oa  an 
insulating  stand,  b,  and  approach  to  it  the  two  hollow  < 
hemispheres  of  brass,  6  e,  insolated,  and  made  accu- 
rately to  cover  the  sphere.  On  remoring  them,  a  will 
be  foand  without  the  least  trace  of  electrical  excite- 
ment, as  maj  be  prored  by  a  delioate  electroscope, 
while  the  two  hemispheres  are  Mly  excited.  To  remoT«  the  eoTeloping  heBU> 
spheres  is  to  remoTO  the  sarfkoe  of  the  sphere^  600 

and  with  them  its  electricity. 

B.  Fig.  560  shows  an  insulated  hollow  sphere, 
with  a  hole  in  the  top.  When  this  is  electri- 
fied, the  proof-plane  may  be  introduced  by  the 
opening,  and  placed  in  contact  with  its  inner 
surface,  without  acquiring  any  excitement 
(prorided  care  be  taken  to  aroid  the  inducing 
effect  of  the  edges  of  the  opening,  which  may 
otherwise  decompose  the  neutral  electricity  of 
the  gum-lac  handle),  while  from  contact  with 
any  point  of  the  outside,  the  proof-plane  ao- 
quires  abundant  excitement 

C.  Faraday  has  described  a  muslin  bag  in 
the  form  of  a  net,  fig.  661,  sustained  on  an 
insulated  ring  of  wire,  and  provided  at  the 
point  of  the  cone  with  two  insulated  silk 
strings,  c  e',  so  that  it  may  be  turned  inside 
out  at  pleasure,  without  touching  it  When 
this  is  electrised  exterioHg,  it  may  be  turned 
inside  out  by  means  of  the  strings,  without  a 
trace  of  eleetrleity  bebig  fonnd  on  the  inside 
(irhich  an  instant  hsgwa  WIS  0»wsa^iMft>,aiv^^aB&awM^ 
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liftfi  tte  dMtekity  ii  diiripfttod.  H«  ii  in  the  habit  of  eoTering  bi8  most  deli- 
«•!•  dftetroteopw  with  nuulin  bagi,  to  proteet  them  from  the  infloenee  of  excited 
deotiieal  maehinee,  with  antira  561  562 

Fig.  662  ahows  a  ribbon  of 
metallic  paper  wound  around  a 
BMlaUio  a^  inanlated  by  the 
aillc  threada  rr;  two  pith-ballv, 
m^9  are  iospeoded  by  linen 
thread!,  at  one  end  of  the  rib- 
bon. Whan  the  ribbon  ia  wound 
npy  and  the  whole  ia  electriied, 
tha  baUa  of  the  electroseopes  di- 
▼erge  powerftiUy.  If  the  ribbon  i 
ia  BOW  unwound  bj  drawing  the  ^ 
inanlatlng  string  below,  the  electroseope  balli  gradually  fall,  and  finally  eome 
abaoai  in  oontaet;  but  when  the  ribbon  is  again  wound  up,  the  balls  diverge  as 
before.  This  may  be  repeated  sereral  times.  This  beautifully  illastrates  the 
reUtion  of  surikee  «aa  intensity.  As  the  surfkee  is  increased,  the  same  quan- 
tity of  aleetricity  is  spread  out  over  a  larger  surface,  and  its  energy  declines,  but 
ia  increased  again  as  the  surface  is  diminished  by  re-winding  the  ribbon. 

D.  It  appears  from  these  experiments  that  a  ball  of  wood  or  pith,  covered  with 
tin  foil  or  gold  leaf,  can  accumulate  on  its  surface  as  much  electricity  as  if  it  was 
of  solid  metaL 

It  18  thas  proTed  that  all  the  electricity  with  which  a  conducting 
body  is  charged,  is  disposed  on  its  surface. 

S25.  Distribntion  of  eleotrioity. — ^The  form  of  conductors  influ* 
enoes  the  distribution  of  electricity  on  their  surface.  In  a  sphere,  the 
distribution  is  uniform,  as  would  be  anticipated  from  the  known  pro- 
perties of  the  solid.  The  proof-plane,  applied  to  any  part  of  an  excited 
sphere,  acquires,  as  tested  by  the  balance,  503 

the  same  power.  In  an  ellipsoid  of  revo- 
lution, like  fig.  563,  the  proof-plane  ap- 
plied at  a,  gives  a  much  larger  angle  of 
torsion  in  the  balance  than  at  any  other 
point,  while  the  minimum  is  in  the  vicinity 
of  € ;  showing  a  tendency  in  electrical  ex- 
citement to  accumulate  about  the  extremL 
ties  of  any  solid  having  unequal  axes. 

In  cylinders,  the  concentration  of  force  is  within  about  two  inches  fh>m  each 
end,  and  is  feeble  at  the  middle.  So  in  plates,  the  maximum  of  accumulation  is 
about  an  inch  Arom  the  edge.  The  same  is  true  of  the  edges  and  solid  angles 
of  prismatic  bodies. 

826.  The  power  of  points  (first  investigated  by  Franklin)  in  eon^ 

oentrating  electricity  is  such  that  the  excitement  passes  off,  as  rapidly 

as  it  aocumnlates,  to  the  nearest  bodies,  or  is  diffused  into  the  ambient 

air  in  an  eleetricaft  brush  or  fencil»  visible  in  the  dark  (842  (6) ).  This 
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fact  follows  as  a  oonseqaenoe  of  the  lendeney  of  «leetriei^  to  aeeamii^ 
late  at  the  smaller  end  ot  an  ellipsoid.  The  ellipeoid  maj  be  m>  eUni- 
gatod  that  the  electricity  escapes — it  then  beoomee  a  blunt  point.  Tlie^ 
facts  are  of  the  greatest  importanoe  in  the  eonelmctioii  of  electrical 
machines. 

827.  Th«  loM  of  •teotrioltjf  la  oacoited  bodlMi.  evm  when  ioso- 
lated  in  the  best  manner,  is  oonstant,  chieflj  from  two  caosee,  Tix. :  Ist, 
the  moisture  of  the  air ;  and  2d,  the  imperfection  of  the  insolatiua. 
The  loss  from  the  first  cause,  in  still  ur  a(  ayera^  drjnem,  is  prupo^ 
tioned  to  the  state  of  electrical  tension.  Bodies  feebly  excited,  and  pe^ 
fectlj  well  insulated  in  dry  air,  retahi  their  state  of  lenabn  for  weeks 
or  months,  while  those  highly  ezelted,  and  not  carefully  ftreeerred,  aro 
soon  deprived  of  all  deetrical  excitement.  The  rate  of  kae  hj  imper- 
fect conduction  is,  of  course,  dependent  on  the  non-eondueting  matc^ 
used,  the  perfecdon  of  workmanship,  and  care  of  the  apparatus. 

The  loss  of  eleetridty  by  an  excited  conductor,  when  placed  in  con- 
tact with  an  unexcited  body,  insulated  from  the  earth,  la  in  proportion 
to  the  relative  surfaces  of  Uie  two  bodies.  One  gains,  the  other  loses. 
Two  equal  spheres  will  divide  the  whole  quantity  between  them.  If 
they  remain  in  contact,  the  distribution  is  unequal,  being  least  at  the 
point  of  contact,  and  increasing  to  a  maximum  at  20^  to  ^  from  the 
point  of  contact.  The  proof-plane  determines  exactly  all  such  questions. 

In  a  Toounm,  a  high  state  of  eloctrieat  tension  !i  impossible^  tinee  the  re- 
straining power  of  the  air  is  wanting.  But  a  fteble  tension  eaa  be  prsswted  ia 
an  exhausted  reoeiver  for  a  long  time.  The  movement  of  the  meteury  against 
the  walls  of  the  tube  of  a  barometer,  excites  eleetrical  tension,  and  ev«i  lami- 
nons  electricity,  as  was  shown  by  Cavendish. 

III.    INDUCTION  OF  XLXCTXICITT. 

828.  ZUeotrioal  inflnenoe  or  induotion. — ^Every  electrified  body 
is  surrounded,  so  to  speak,  by  an  atmosphere  of  influence,  analogous  to 
that  surrounding  a  magnet  (783),  within  which  every  inaulated  con- 
ductor becomes  also  excited.  Bodies  so  affected  are  said  to  be  deehyUd 
by  induction,  having  their  neutral  electricity  deoompoeed  by  the  tension 
of  the  excited  conductor,  exercised  through  the  intevtening  air. 

Let  the  conductor,  V,  fig.  664,  of  an  eleotrioal  maohinv.be  approached  within 
say  six  inches  of  an  insulated  metallic  con- 
ductor, A  B.     The  rmall  electroscopes,  a  a% 
suspenied  beneath  iU  ends,  instantly  diverge, 
and  at  the  same  time  are  respectirely  attracted  j 
to  V,  at  A,  and  repelled  from  it  at  B.     If  V  > 
is  -f-  A  is  — ,  and  the  remote  end,  B,  is  plus. 
The  intermediate  electroscopes,  b  b',  also  di- 
verge, bot  in  a  lees  degree,  while  those  near 
the  middle,  oe',  do  not  diverge  at  all.    I^ 
while  thus  exolted«  A  B  is  withdrawn  from  V  (care  b^g  taken  not  to  I 
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enndaeting  tiirfaee),  the  •leetroseopes  will  preaentl^  c«m«  to  indicate  anj  ex. 
eitcmvnt.  The  explanation  of  these  facte  is,  that  the  neutral  fluid  of  A  B  ha« 
been  decomposed  by  ibe  influence  of  V,  the  -|-  flai<l  being  repelled  to  B,  and  the 
-  attracted  to  A,  while^  near  the  centre  (never  exactly  in  the  centre),  a  neutral 
point  is  found,  where  no  decomposition  exists.  When  V,  the  disturbing  cause, 
is  withdrawn,  the  two  electricities  of  A  B  unite  again,  and  leave  the  conductor 
entirely  passiTe.  If,  however,  the  condaetor»  A  B,  is  made  in  two  parts,  joined 
at  the  neutral  point,  and  each  on  a  separate  glass  leg^  when  it  is  inductively 
excited,  the  two  parts  may  be  separated,  and  each  part  will  then  be  found,  when 
removed  from  influence,  to  possess  the  same  excitement  developed  in  it,  under 
the  indttctire  power  of  V. 

Bj  meaoa  of  a  glass  tube,  or  stick  of  resin  gently  excited,  and  approached  to 
one  of  tke  eleetroseopea,  U  is,  of  oourse,  easy  to  determine  the  description  of 
excitement  in  V,  whioh  we  now  assume  to  be  -j— 

829.  Tlie  laws  of  inavotioii  may  be  thas  stated: — Ist  A  body 
electriied  by  induction,  possesses  no  more  electricity  than  before.  This 
is  shown  by  the  faot^  thai  as  soon  as  the  inducing  influence  ceases,  the 
two  fluids  reunite  in  A  B,  and  no  trace  of  excitement  remains. 

2d.  If  a  conductor,  excited  by  induction,  is  touched,  or  made  to  com- 
municate with  the  earth  in  any  part  of  its  surface,  it  parts  with  a  por- 
tion of  electricity,  always  of  the  same  name  witli  the  inducing  body, 
and  it  retains  the  fluid  of  opposite  name.  If  the  inducing  cause  is 
then  withdrawn,  the  insulated  conductor  remains  excited,  with  the  fluid 
of  opposite  name  to  thai  of  the  inducing  body. 

Thus,  we  note  the  important  distinctions  between  a  body  electrized  by  induc- 
tion and  by  conduction.  Induction  occasions  no  transmission  of  free  electricity 
to  the  other  body ;  but  only  a  decomposition  of  the  +  electricities  of  the  insu- 
lated conductor.  Induction  produces  dissimilar  conduction,  similar  electricity 
to  that  of  the  exciting  body ;  and  the  distance  to  which  electricity  of  induction 
extends,  greaUy  exceeds  Uiat  to  which  it  can  be  propagated  by  conduction, 
where  absolute  contact  or  very  close  proximity  is  required.  A  strong  analogy 
exists  between  electric  and  magnetic  induction.  Both  magnetism  and  electricity 
by  eoMtad,  are  of  the  same  name  with  the  body  touched.  By  influence,  the 
neatiml  flnid  of  the  exdted  body  is  decomposed,  and  the  polarities  are  in  accord- 
ance with  laws  already  stated. 

830.  Induotton  is  an  act  of  oontigaoQa  partiolea. — Dr.  Faraday 
has  modified  the  usual  view  of  induction  just  stated,  by  showing  that 
induction  never  takes  place  at  a  distance,  without  polarizing  the  mole- 
eales  of  the  intervening  non-conductor,  causing  them  to  assume  a  con- 
Rtrtined  position,  whioh  they  retain  as  long  as  they  are  under  the 
infloenee  of  the  inductive  body. 

Becaose  air  and  other  non-conductors  permit  the  passage  of  electrical 
inflomice  in  this  manner,  Faraday  calls  them  dielectrics,  in  distinction 
from  dedrietf  or  conductors  which  can  become  polarised  only  when 
inenlatad  by  tome  dielectric  Dielectrics  differ  in  their  specific  induc- 
tire  capacity,  air  being  the  lowest  in  the  scale,  as  follows,  vis. :  air,  1 
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rosin,  1*77 ;  pitch,  1-80 ;  was,  1*86 ;  glan,  190 ;  solphur*  1*93 ;  AOka. 
1-96. 

The  apparatus  ated  by  Faraday  in  detarmining  tka  vtUtfTa  indaetiva  aiyaeity 
of  air  and  other  gases,  is  seen  in  fig.  665,  eoasistiag,  aSMnliaQj,  of  tvo  manffift 
spheres,  C  and  P  Q,  of  nneqnal  diameter,  the  smaUer  placed  595 

in  the  centre  of  the  laiger,  and  insulated  firom  it  by  »  atesa 
of  shellao  or  gntta  pereha,  A.  The  two  balres  of  the  ovlor 
sphere  Join  in  an  air-tight  joint,  like  the  Magdeburg  hemi- 
spheres (257).  The  spaoe^  m  n,  may  be  emptied  of  air  by  an 
air-pump,  controlled  by  a  eock  in  the  foot,  and  illed  witb 
any  other  gas  or  fluid.  This  apparatus  resembles  the  L^- 
den  jar  (847),  with  the  adrantage  of  changing  the  interrening 
dielectric  at  fi^Mure.  The  balls,  0  and  B,  eoastitata  tba 
charged  conductor,  upon  the  surfiMO  of  whieh  all  the  eleetritf 
force  is  resident  by  virtue  of  induction.  As  the  medium  in 
m  n  may  be  changed  at  pleasure,  while  all  other  things  re- 
main the  same,  then  any  changes  manifest  by  the  proof- 
plane  and  torsion  balance,  will  depend  on  changes  made  in 
the  interior.  The  same  end  would  be  reached  by  haring  two 
exactly  similar  inductive  apparatus,  with  different  insulating 
media.  When  one  was  charged  and  measured,  the  ehargaS 
being  dirided  with  the  other,  the  ultimate  conditions  of  both  indicate  by  Am 
torsion  balance  whether  or  not  the  media  had  any  specific  diflliBfeneeB.  (For 
further  details,  see  Faraday's  Exp.  Res.  1197.) 

831.  The  attractions  and  repnlaiona  of  light  bodies  (811)  ean 
be  explained  only  in  view  of  the  phenomena  of  induction.  The  excited 
tube  or  resin,  decomposes  the  neutrai  electricity  in  the  pith-balls  or 
bits  of  paper,  repelling  the  electricity  of  opposite  name,  and  being  thos 
left  of  an  opposite  excitement  to  the  rod  or  resin,  Uiey  beoome  attracted 
to  the  exciting  body,  in  obedience  to  electrical  laws.  All  oases  of  elec- 
trical repulsion  are  equally  referable  to  attraction  under  indnctive 
influence.  Thus  the  apparent  repulsion  of  the  two  pith-balls  in  an 
electroscope,  is  really  the  effect  of  the  attraction  of  surroanding  bodies, 
whose  electrical  equilibrium  is  disturbed  by  the  indnctiTe  inflaence  of 
the  exciting  cause. 

The  following  experiment  illustrates,  in  an  interesting  manner,  the  develop- 
ment of  electricity,  and  the  attractions  and  repulsions  of  light  bodies  by  indue- 
tlon.  Support  by  its  edges  a  pane  of  dry  and  warm  window-glasa,  about  aa 
inch  from  the  table,  on  two  pieces  of  dry  wood,  and  place  beneath  it  several 
pieces  of  paper  or  pith-balU.  Excite  the  upper  surface  by  frietton  with  a  silk 
handkerchief,  the  electricity  of  the  glass  becomes  deeompoeed,  its  negative  fluid 
adheres  to  the  silk,  and  its  positive  to  the  upper  surface  of  the  glass  plate;  thii^ 
by  induction,  acts  on  the  lower  surface  of  the  glass,  repelling  ita  positive  elee- 
trioity,  and  attracting  its  negative,  the  intervening  dielectric  being  polarised  as 
explained,  and  the  lower  surface  of  the  g^s  electrifled  by  induotioa  through 
its  substance,  attracts  and  repels  alternately,  the  light  bodies,  like  the  exeitsd 
tube  (811).  (Bird.)  Numerous  experiments,  illustrative  of  iadaetioa,  are  givea 
under  the  electrical  maohiae. 
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832.  Blectrometttn. — CaTallo*8.  ITolta**.  and  Bennett's.^The 
electrofloopM  mendoned  in  section  813,  serve  to  indicate  the  presence 
aod  name  of  the  electricity.  Electrometers  are  designed  to  give  ap- 
proxioiate  measnreaof  the  quantity  of  eleo-  666 

tricity. 

Fig.  566  flhowi  CaTallo'8  electrometer — a  bell- 
jar  with  a  metaUio  rod  aod  button,  B,  sust^iDg 
two  pIkh-baUs,  m,  at  the  endi  of  two  wires.  YolU 
wibatttalsa  for  tha  two  pith-baUs,  two  delicate 
blades  of  straw,  p.  Bennett  replaced  these  by 
two  str^  of  gold  leaf,  o,  placed  fitce  to  face. 
WhOnffii'  iiiob,  B,  reeeiTSS  Mectricity,  tbe  pith- 
balls^  skawiiy  or  gold  leares,  diverge,  and  by  the 
degree  of  Iheir  diTcrgenoe,  measured  on  a  graduated  are,  the  intensity  of  the 
eleetricitj  is  Judged  ol    Two  strips  of  tin  foil,  e  c',  are  667 

pasted  to  the  inside  of  the  glass  bell,  to  discharge  the 
diTerging  leaTSS,  when  they  are  repelled,  so  as  touch  the 
sides.  Olberwise  the  inside  of  the  glass  jar  would  be  eleo- 
trilled  by  iadnetioa,  and  render  the  apparatus  useless ;  and 
to  avoid  dampness,  the  top  of  the  bell  is  varnished,  and  the 
air  within,  dried  by  quick  lime.  Approachiog  an  excited 
body  towards  B,  the  gold  leaves  diverge,  because  the  posi- 
tive fluid,  if  the  excitant  is  positive,  is  driven  into  them, 
while  the  negative  is  attracted  to  B.  Touching  B  with  the 
finger,  the  positive  fluid  passes  off  to  the  earth,  but  on 
withdrawing  the  finger,  the  leaves  diverge  under  the  influ- 
ence of  the  negative  electricity  remaining  in  the  apparatus. 

Fig.  567  is  a  sensitive  form  of  gold  leaf  electrometer,  with 
brass  condensing  plates, }  846,  aod  a  cup  at  top  to  illustrate  the  effiect  of  ev^oora- 
tion  is  producing  electrical  excitement. 

Hare's  single  leaf  electrometer,  and  the  condensing  electrometer,  are  menUoned 
In  seetion  846,  and  Bohnenberger's  under  the  dry  pile,  {  873. 


IV. 


BLBCTRICAL  MACHINES. 


8i^.  The  eleotrophoma. — Any  apparatus  by  which  electrical  phe- 
nomena may  be  obtained  at  pleasure,  is  an  electrical  machine.  The 
simplest  apparatus  of  this  sort  is  Volta's  electrophonts,  or  carrier  of 
electricity,  invented  in  1775.  668  669 

A  sake  of  resin,  or  a  disk  of  whalebone- 
faidla-nibbari   or    gutta   peroh%  eight   or 
ten  inehss   in  diameter,  is  excited  by 
far  or  warm  flannel,  and  a  smaller  disk  of  j 
brass,  or  tia  plate  (with  rounded  edges),  is 
plaeed  on  it  by  an  insulating  handle.  Touch 
the  upper  surfoee  of  the  metallic  disk  with 
tbe  flnger  (fig.  668),  in  order  to  allow  the  I 
sse»pe  to  Uie  eommoa  reservoir  (816)  of  the 
negative  electricity,  resulting  from  the  deeompositlon  of  tha  neutral  fluid  is  Um 
ssstaUie  plate  by  the  excited  resin.  Now  removing  the  flnger,  raise  the  disk  by  tb 
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infulating  huidl«^  ftnd  approMli  its  edgt  to  «gr  oondnato^  m  th«  fcraekk,  §§. 
669 ;  immediately  %  strong  spark  is  seeiif  due  to  tli«  frw  positivo  ekctrifiitif 
existing  in  ^  Place  A  on  B  again,  Umeh  It  as  before,  and  the  saMS  rasalt 
may  be  obtained  as  often  as  desired.  If  A  is  left  In  t^ose  apom  B,  il  will  TCsuia 
charged  a  long  time,  even  for  weeks,  and  %  LsfiiB  Jar  may  ^  dMagad  wilk  it  at 
any  time :  on  the  table  of  the  laboratory  U  670 

may  be  more  oonTenlmtly  need  than  an  otdi- 
nary  electrical  maehiae  for  exploding  gases. 
The  section  of  the  eleetrophomsy  seen  in  fig. 
570,  shows  how  the  iadnctire  action  of  tlie 
excited  resin  acts,  in  alliMsting  the  eleetriod 
nomenolatare  of  each  snrfooe,  as  indieated  by 
the  signs  -^  and  — . 

The  pheDomena  inToWed  in  the  elactrophonu  are  ideatieal  widi 
those  explained  in  {  829.  Of  ooone,  if  th»  plate.  A,  ware  raised 
without  touching,  it  would  manifest  no  deotrical  ezoitemeni;  the  two 
luids  re-oombining  aa  in  the  insulated  oondaotor,  fig.  56S. 

834.  The  cylinder  eleotrical  maohine. — ^When  larger  qaantitiei 
:f  electricity  are  required  than  can  be  obtained  from  the  means  already 
described,  resort  is  had  to  machines  of  larger  sixe,  and  more  power,  lil 
}f  which,  however  various  in  form,  consist  principally  of  three  parts, 
viz. :  1st,  a  non-conductor,  usually  of  glass,  revolving  on  a  horisontal 
axis,  and  producing  friction ;  2d,  a  rubber^  agunst  which  the  noo- 
conductor  presses.  The  rubber  is  a  soft,  elastic  non-conducting  body, 
as  a  cushion  of  leather,  usually  armed  with  amalgam,  to  be  described 
hereafter.  3d,  two  condudars,  usually  of  brass,  mounted  on  glass  sup- 
ports, one  to  receive  the  -\-  and  the  other  the  —  electricity. 

In  the  cylinder  machine,  fig.  571,  a  smooth  cylinder,  M,  of  glass,  insaUted 


and  mied  with  perfosJOv  dry  ^»\i  tvrt^v%\\ki  ^%  Vteng^V^gBtca  fhm  vMm  (S 


XLIOTRIOITT.  547 

aaateiiMd  on  th«  Iwrolitod  prime  eondnetor.  A,  and  covering  abont  one-eighth 
of  its  floifaee :  an  apron  of  silk  ia  utnally  attached  to  the  upper  edge  of  the 
rubber,  and  extends  at  fSar  as  the  points,  P,  on  the  second  conductor,  B,  designed 
to  reoeiTe  the  4-  eleetrieity  excited  at  C.  If  the  connecting  rods,  E  D,  are 
opproaehed  at  in  the  flgnre,  and  the  cylinder  is  revolTed,  and  there  is  no  con- 
Boetion  with  the  earth,  then  the  -\-  electricity  accumulated  on  the  positire  eon- 
dnetor, will  rennite  with  a  spark  with  the  —  electricity  of  the  negative  conductor, 
A,  again  to  be  decomposed  as  before  at  C.  If  the  negative  eondnetor,  A,  is 
oonnected  with  the  earth  by  a  ehain  or  metallic  thread,  then,  when  the  machine 
ia  worked,  a  eontinnoos  flow  of  sparks  of  positive  eleotrioity  will  pass  from  the 
poaitivo  eondnetor,  B,  to  any  eondnetor  near  enough  to  receive  ihem.  But  if  A 
ia  insnlated,  and  B  is  connected  with  the  earth,  then  firom  E,  a  continuous  flow 
of  negaftlTe  eleetricitj  ia  obtained.  In  this  case  a  flow  of  positive  electricity 
takea  place  from  the  cushion,  C,  through  the  conductor,  B,  to  the  earth,  thus 
leoving  the  eondnetor  A  charged  with  negative  eleotrioity.  This  form  of  cylinder 
waohiito  was  designed  by  an  Bnglishman  named  Kaime. 


u — ^No  considerable  quantity  of  eleotrioity  can  be  evolved 
from  an  eleetrioal  machine  of  glass,  unless  the  robber  is  excited  with 
an  amalgam  composed  nsnally  of  four  parts  mercury,  eight  zinc,  and 
two  tin,  mixed  with  some  unctuous  matter  and  spread  on  silk  or  leather. 
The  lino  is  first  melted ;  the  tin  is  added,  and  the  mixture  stirred,  and 
poured,  not  too  hot,  into  a  wooden  box,  coated  inside  with  chalk,  and 
into  which  the  heated  mercury  has  been  first  poured.  The  lid  is  put 
on,  and  the  box  violently  shaken,  until  the  amalgam  becomes  cool.  It 
is  then  finely  pulverized  in  a  mortar,  and  becomes  as  soft  as  butter. 

835.  Ramaden's  plate  machine,  iw  its  name  indicates,  has  a  plate 
or  plates  of  glass  substituted  for  the  cylinder.  This  form  of  apparatus 
is  seen  in  fig.  572.  The  plate,  F  F,  is  revolved  by  the  winch,  M,  sus- 
tained in  a  frame,  0  0,  of  baked  wood.  Two  pairs  of  spring  cushions, 
ae,  armed  with  amalgam,  produce  friction.  The  conductors,  C  C,  collect 
the  eleotrioity  from  the  glass  by  the  points  seen  on  the  inside  of  their 
curved  branches,  placed  near  the  surface  of  the  plate.  Each  of  the 
eushions  is  oonnected  with  the  earth  by  the  conductor,  D ;  strips  of 
tin  foil  pasted  upon  the  edges  of  the  frame,  0,  and  shown  in  673 
the  figure  unshaded,  communicate  between  the  four  sets  of 
ooshions  and  the  chain  D. 

Bamsden's  apparatus  originally  gave  only  positive  electricity. 
It  was  so  modified  by  Von  Marum  as  to  obviate  this  defect  This 
form  of  electrical  machine  was  contrived  by  Ramsden,  of  London, 
inl77«. 

Iho  aarilett  ^eotrical  machine  was  made  by  Otto  V.  Gnerioke 
(who  invanted  the  air-pump),  and  was  a  globe  of  sulphur  or  resin, 
driven  by  a  motor  wheel,  the  hand  being  used  for  friction.  A  cone  of  sulphur, 
fig.  578,  east  in  a  wine-glass,  and  provided  with  a  glass  rod  as  a  handle,  serves 
to  illnstrale  this  eariy  eleetrioal  apparatus.  But  hard  india>rubber  ii  a  more 
eoBvanimt  and  eertain  soorce  of  negative  electrical  excitement. 

In  the  United  States,  oar  meohaniciant  have  Vnonn^l  i2^  v^^^vnima 
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for  eleotrioftl  Qlnttrations  to  a  degree  of  perfoction  kftfiim  little  to  be 
desired. 


836.  The  Ameriomn  plate  electrical  machine. — ^The  fona  d 
plate  machine  oommonly  adopted  in  the  United  Statee  ia  eeen  m  figi 
574  (from  Riiehie),  It  is  arranged  for  the  exhibition  of  both  eleetriot- 
ties  at  pleasure,  and  has  a  prime  conductor  on  a  mo?abIe  etand. 

Dr.  Ham  has  very  ingeniously  met  the  difficulty  of  obtuning  both 
electricities  from  the  plate  machine  by  making  the  plate  rerblve  hori- 
zontally, and  thus  allowing  the  positiTe  and  negative  oonduelon  to 
stand  like  arches  in  two  vertical  planes  at  right  an^ee  to  eaoh  other 
above  the  plate.  Am.  Jour.  Sci.  [1]  YII.  108.)  Dr.  Hare  was  aa 
ardent  supporter  of  the  Franklinian  hypothesis,  and  this  appantes 
was  contrived  to  sustain  his  arguments  in  favor  of  that  Tiew. 

837.  Xrttfge  aleotrical  machine.— Ritchie*a  donbto 
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ildn«. — The  largart  ^Mtricsl  machine  hitherto  oonstnicted,  so  fu  as  we  era 
■driied,  ij  that  made  for  the  University  of  Mississippi,  at  Oxford,  under  the 
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I  <tf  President  Barnard,  hy  Ritchie,  of  Boston.  The  general  constmction 
ef  thift  (igantio  eleetrioal  apparatus  may  be  understood  firom  fig.  575  (firontis- 
pieee),  fai  whieh,  howerer,  the  prime  oondnetors  are  not  shown.  These,  for 
greater  eonrenienoe  of  manipulation,  are  made  movable  on  separate  supports. 

Thia  maehlae  has  two  plates  of  French  glass,  each  six  feet  in  diameter,  sus- 
tained by  an  tesnlated  steel  axle,  upon  eight  cut-glass  supports,  on  a  firame  of 
rosewood.  The  plates  are  excited  by  four  pairs  of  rubbers,  made  of  brass,  and 
lined  with  fine  wool  felt  three-eighths  of  an  inch  thick,  such  as  is  used  for  the 
dampers  of  the  grbnd  piano.  These  are  covered  with  firm  India  silk,  upon 
whMk  the  amalgam  is  spread.  Rubbers  of  this  construction  are  found  to  be  far 
move  eflleient  than  those  in  general  use.  The  prime  conductors  of  this  machine 
expoee  fifty  sqojire  feet  of  polished  brass  cylinders  in  three  sections,  about  one 
foot  in  diameter  by  seven  in  length,  sustained  also  on  cut-glass  insulating  pil- 
lars. One  turn  sf  this  machine  fills  the  apartment  with  an  overpowering  odor 
of  osone.  It  le  so  arranged  as  to  afford  negative  electricity  firom  four  rubbers. 
One  battery  tar  this  maehine  contains  one  hundred  and  twenty  glass  bells, 
arranged  in  detnchments,  whose  coated  surfaces  expose  about  ninety  square  feet 
of  area.  No  detailed  description  of  the  performance  of  this  superb  machine 
has  yet  been  nuide  public  It  cost  over  three  thousand  dollars  without  its  bat- 
teries. 

The  Tyle? Ian  maohine. — The  largest  and  most  famous  plate  macbino 

mentioned  in  t)ie  books  before  that  of  Ritchie,  of  Boston,  both  on  account  of  its 

ihM  and  perfcmanoe,  was  made  by  Cnthbertson  for  Von  Mamm  in  1755,  and 

was  plaeed  ij  «Ae  T^lwiaa  Mugeum,  at  Haarlem,  in  HoUtad.    It  w%a  %  ^^voXAa 
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piftto  mMhine,  eaeh  plale  lizty-flTB  inAm  in  dHaaaa/kn,  with  dgkl  mAum, 
neftrlj  (Axteeii  inohei  in  length,  and  twtnty-thrae  uid  a  h«lf  ftsi  nvfiM  in  tlM 
eondncior.  It  gars  thrm  hundred  sparka  twenty-lbiir  inehaa  long  in  a  ainvte 
forked  like  lightning,  and  with  rayi  six  or  eight  inches  long,  braaehiBg  firon  th« 
angle!  of  the  flash.  It  deflected  a  thread  aiz  flMt  loag,  aiz  iadiee  from  a  per- 
pendioolar,  at  a  diatanoe  of  thirty-eight  flMt,  and  the  haUa  of  OsraUo'a  ekctre- 
foope  (832)  diverged  half  an  ineh  aannder  when  forty  ftei  dietanl  firom  it  The 
prime  condnetor  was  supported  on  three  glass  {hilars  eending  oat  eoUeetiog 
branches  between  the  plates.  Two,  and  sometimes  four  men,  weie  emplojed 
to  tarn  it  When  in  ftill  force,  a  single  spark  fkom  the  eosdvelor  soficed  to 
bum  and  dissipate  a  strip  of  gold-leaf  twenty  inehea  long,  and  one  and  a  half 
lines  wide.  A  pointed  wire  exhibited  the  appearance  of  a  lomiBoas  star  whm 
held  twenty-eight  feet  firom  the  condoctor. 

All  glass  is  not  eqaaUy  flt  for  deetrieal  plates ;  thai  which  is  whHi^  hard,  sad 
free  firom  babbles,  is  most  esteemed.  If  too  much  alkali  ia  waad  in  the  compo- 
sition of  the  glass,  its  sorihcc  attracts  moiitare^  and  soon  becomss  damp  sad 
roagh.  Bnoh  a  plate  is  worthless.  The  preference  giren  to  dd  plates  is  de^ 
probably,  to  the  fiMt>  that  their  composition  has  enabled  them  to  pieseiTi  thsir 
properties  nnii^ared. 

838.  Care  and  management  of  eleotiloal  maohinea. — Perftei 
insulation  and  freedom  from  dust  and  roughnessea,  are  easential  to  the 
good  condition  of  all  eleotrical  machines.  For  this  end,  the  glaa 
columns  are  varnished,  to  avoid  the  deposition  of  moisture,  and  all  the 
polished  surfaces  of  metal,  as  vrell  as  the  glass,  must  be  kept  qaite 
clean,  and  free  of  dust  If  the  surface  of  the  cylinder  or  plate 
becomes  streaked  with  amalgam,  it  must  be  wholly  removed.  It  is 
better  not  to  put  any  amalgam  into  immediate  oontaot  with  the  glass, 
but  to  spread  it  upon  the  cushion  pretty  thickly,  and  then  to  cover  it 
with  a  piece  of  silk  ;  a  sufficient  quantity  will  pass  through  the  silk, 
as  the  machine  is  worked. 

If  the  glass  becomes  greasy,  it  is  best  washed  with  rectified  campheae,  barb- 
ing flaid,  or  ether.  It  is  indispensable  that  the  sorface  of  the  amalgam  should 
be  in  good  metallic  eommnnioation  with  the  earth,  which  is  aeeomplished  by  the 
use  of  tin  foil,  or  tinsel.  Cushions  staffed  with  metal  filings  are  preferrsd  by 
some,  chiefly  for  this  reason.  A  cashion  or  rnbber  made  of  two  or  three  folds 
of  cotton-flannel,  between  which  is  laid  a  continaoas  strip  hf  tin  foil,  of  ths 
same  size  with  the  rubber,  works  exceedingly  weU.  Bitchie  prefers  piano  felt. 
Aurum  muMtvum  (the  bisulphuret  of  tin),  a  yellow  bronty  powder,  is  an  excel- 
lent substitate  for  amalgam.  It  is  supposed  to  suffer  chemical  decompositioa 
when  in  use,  and  so  to  quicken  the  activity  of  the  machine.  Finally,  a  dry 
winter  air  is  indispensable  for  the  best  working  of  an  electrical  machine;  hcnee^ 
radiant  heat,  falling  on  the  machine,  or  an  apartment  heated  by  a  dry  fomaM 
air,  is  especially  favorable.  In  carpeted  rooms,  it  is  desirable  to  connect  the 
rubber  with  a  gas-fixture,  to  secnre  a  good  commonication  with  the  coaunea 
reservoir. 

839.  Eleotrioity  from  steam. — Armstrong's  hydroelectric  machine, 
fig.  576,  is  designed  to  illustrate  the  development  of  powerful  electrical 
efiTecto  from  high  steam ;  a  fact  well  known  to  all  conoeiiied  in  the 
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«BAiiagement  of  looomotiTe  steam-engines,  bat  first  scientifically  noticed 
in  1840,  by  Mr.  Armstrong,  at  Neweastle-on-Tyne.  The  apparatus 
which  he  contrived  to  show  these  effects, 
is  a  common  high  pressure  steam  boiler, 
about  three  feet  long  and  twenty  inches  in 
diameter,  mounted  on  insulating  pillars, 
and  strong  enough  for  a  pressure  of  200 
Ibe.  to  the  inch.  The  steam  is  suffered  to 
escape  by  jets,  A,  of  a  peculiar  form,  on 
the  nde  of  the  box,  B,  into  which  it  is  ad- 
mitted by  the  oock,  0.  Faraday,  in  iuTes- 
Cigating  the  electricity  of  steam,  found  / 
that  dry  steam  gave  no  excitement^  and 
that  the  electricity  resulted  from  the  fric- 
tion of  Tesicles  of  water  against  the  sides  ,.^, 
of  tiie  orifice.  Hence,  B  contains  a  little  - 
water,  over  which  the  steam  escapes,  and  is  partially  condensed.  The 
jet  has  an  interrupted  passage,  seen  at  M,  to  produce  friction,  and  its 
Dosxle  18  lined  with  dry  box  or  partridge  wood.  The  vapor  escapes 
•gunst  a  plate,  P,  covered  with  metallic  points,  to  collect  the  electricity, 
and  ending  in  a  brass  ball,  D,  insulated  from  the  earth.  The  boiler  is 
negative,  and  positive  electricity  is  collected  at  D,  provided  the  water 
is  pure  and  free  from  grease.  Turpentine,  and  other  volatile  essences, 
reverse  the  polarity,  while  grease,  or  steam  from  acid,  or  saline  water, 
destroys  all  excitement.  If  the  nozzle  of  the  jet  ends  in  ivory  or  metal, 
there  is  also  no  excitement.  A  boiler,  such  as  is  described,  will  develop 
in  a  given  time,  as  much  electricity  as  four  plate  machines  forty  inches 
m  diameter,  making  sixty  turns  a  minute ;  a  truly  surprising  result. 

840.  Other  sonroaa  of  electrical  excitement. — 1.  The  bands  of 
leather.  India-rubber,  or  gutta-percha,  used  to  drive  machinery,  some- 
times  become  powerful  sources  of  resinous  electrical  excitement,  giving; 
sparks  of  negative  electricity  over  twenty  inches  in  length. 

In  eotton-mills,  80  mnoh  eleotricitj  is  thus  Mt  ft'ee,  that  it  becomes  necessary 
to  1st  steam  into  Uie  osrding  and  roving  rooms,  to  avoid  tnconyenience  from  the 
npolsionfl  and  attractions  of  the  «otton.  A  leathern  band,  mentioned  by  Mr. 
Baohsldar  (Am.  Jour.  Sci.  [2]  III.,  250),  gave  sparks  to  the  finger  at  three  feet, 
aad  aluBinaiis  brmh,  to  a  steel  point,  at  seven  feet.  The  discharge  from  leather, 
as  firom  all  bad  oondaetora,  ii  local,  or  danger  would  attond  it. 

Dr.  Franklin,  in  a  letter  to  Bowdoin,  suggested,  for  a  portable  electrical  ma- 
ehine^  a  erossed  band  of  staiFed  leather,  moved  by  a  winch  over  drums. 

2.  The  friction  of  shoe-leather  on  woollen  carpets,  in  houses  warmed 
by  hot-air  fomaeesy  or  steam,  in  cold  weather,  is  a  fertile  and  curious 
•OQVoe  of  n^^fttire  electrical  excitement. 
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The  yoong  people  in  llie  Mithor'i  houe  isd  mi  mufcnhqp  mmm  ef  aavw- 
ment  in  eold  weather,  in  giving  eleotrioel  ihoeki,  bj  kiMM  aad  ollienriee,  to 
nnwary  people,  or  in  lighting  the  gas  hj  a  fpaik  from  tlie  linger,  or  a  hsj- 
handle,  after  mnning  brialcly  over  the  earpei.  Piofl  Loomis  hae  notieed  tiiest 
elTeote  in  detail  in  the  Am.  Jonr.  SeL  [f]  X.,  8il,  and  XXYZ,  Mi.  TW7 
appear  to  be  unlsnown  in  Barope,  owing  probablj  to  Hm  fiiH  thai  Beiofmi 
boutof  are  seldom  warmed  and  dried  hj  hot-air  fnmaooe. 

841.  TlMory  of  the  etootiioal  maohiiM^ — ^The  ph«Doiiieiia  of  the 
electrical  machine  may  be  explained,  either  <m  the  theory  of  one  or  two 
fluids.  The  explanaUoos  of  indaodon  (828),  ab^eady  giTeo,  apply 
equally  to  the  deTtfopment  of  free  electricity,  upon  the  prime  eoodno- 
tors  of  electrical  macAunes.  When  the  maoliine  ia  tamed,  the  neatnl 
electricity  of  the  mbber  is  deoompoeed,  the  podtiTe  fluid  IoUowb  the 
glass,  until  coming  opposite  the  pcnnts  on  the  prime  eandoeCor,  the 
n^^tive  electrici^  of  the  conductor  flowa  out,  to  niiite  witii  the  posi- 
tire  of  the  gUias,  while  the  positiye  fluid  of  the  oonduetor  ia  repelled  to 
the  other  end,  thus  leaving  the  prime  conductor  powerfiillj  poutife. 
Reaching  the  rubber,  the  neutral  fluid  of  the  glass  is  there  decomposed, 
its  negative  portion  seeks  the  common  resenroir,  and  the  poritifc  fol- 
lows the  revolving  glass  to  the  points  as  before.  The  conductor  doss 
not  acquire  positive  electricity  from  the  plate,  but  gives  its  neg»tifs 
thereto,  thas  becoming  itself  positive. 

It  is  still  an  open  qnestion  whether  the  action  of  the  amalgam  ie  ehaaieal  or 
mech&nioal  (834).  It  is  oertain  that  an  amalgam  of  silver,  or  gold,  does  not  set 
to  excite  eleotrioity,  like  amalgams  of  ozydisable  metals ;  and  Dr.  WoUastoa 
demonstrated,  that  the  latter  did  not  aot  in  an  atmosphere  of  earbonie  aeid  or 
nitrogen,  free  of  oxygen. 
*  In  all  cases,  the  discharge  of  an  electrical  conductor,  by  a  sparic  or  othenrisa^ 
is  accompanied  by  the  indnetion  of  an  opposite  excitement  in  the  body  reeefriaf 
the  shook,  whose  opposite  electricity,  uniting  with  that  of  the  eoadnctor  by  s 
forcible  disruption  of  the  intervening  dielectric,  produces  the  sound  and  flesh 
of  the  electric  discharge. 

842.  Experimental  iUnatrationa  of  eleotiioal  attraottona  and 
repulsiona. — A  m  altitude  of  instructive  and  amusing  experiments 
may  be  made  with  the  electrical  machine,  illustrating  the  law  of  attrae- 
tion.    A  few  must  8u£Gice.  577 

1.  The  inaulating  atool  is  a  bench  with 
glass  legs,  flg.  577  (a  board  on  four  black  bottles 
answers  perfectly),  on  which  a  person  may  stand  i 
or  sit,  while  in  communication  with  the  electri-  ( 
cal  machine.  Being  thus  insulated,  the  free 
electricity  can  esc^|>e  only  through  the  sur- 
rounding air, — approaching  the  knuckle  to  any 
part  of  the  person  or  dress  of  one  so  situated, 
a  strong  spark  is  received.  Bzoept  for  the  hair  being  repelled,  Um  petsea 
charged  is  not  conscious  of  any  change  from  an  ordinary  state.  A  dalTs  bsei^ 
with  paper  h'  >  one  ot  Om  i&oTi^xxn\At%t  Sa  «.  ^mmon  electrioal  U»y. 
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X  Heiil«3r's  atoottOiOOpe,  flg.  678,  serres  to  mark  the  degree  of  vonsioo 
hk  tke jnaohiiM  bj  the  repulsion  of  a  pith-ball  at  the  end  of  a  straw:  it  is 
■loiinted  on  one  of  the  oondnctors,  and  in  dry      678  570 

weather  renudns  extended  a  long  time,  but  in 
damp  weather  fidls  immediately,  when  the  ma- 
ehiaa  steps. 

3.  Zaeotiioal  bells,  flg.  679;  the  beUs»  A 
and  B,  are  suspended  bj  a  metallic  thread,  IVom 
the  ends  of  a  eross-bar  of  metal  hung  on  the 
maehiae ;  the  bell,  0,  and  the  two  clappers,  are 
hong  hj  insulating  threads.  C  is  connected  with 
the  earth ;  and  when  the  machine  is  worked,  A  and 
B  beooine  poiitiTC,  and  hj  induction  C  becomes 
Begatire^  and  the  little  dappers  being  alternately 
altraeted  and  repelled,  a  constant  ringing  is  kept  up  as  long  as  the  excitement 
laalB.  If  the  machine  is  too  actiye,  luminous  sparks  pass,  and  the  bells  remain  still. 

The  bells  may  be  conTcniently  arranged  on  an  independent  foot,  as  in  fig.  580. 

4.  Volta's  ludl-Stonn  is  a  contrirance  designed  to  show  how  (in  Volta'e 
iriew)  hail  might  be  produoed.  It  is  a  larger  way  of  581 
showing  the  same  facts  already  explained  in  {  811.  A 
glass  bell  communicates  with 
the  machine,  fig.  581,  abore, 
and  rests  on  a  metal  plate  in 
communication  with  the  earth. 
When  the  machine  is  worked, 
the  pith-balls  on  the  plate  are 
Tiokntly  agitated,  being  drawn 
up  and  repelled  ^ain  actirely, 
while  the  excitement  lasts.  A 
simple  bell-glass,  or  large  tum- 
bler, eleeteiaed  by  contact  of  its  j 
inttfior  surface  with  the  con- 
dnetor  of  an  electrical  machine, 
answers  quite  as  well,  and  may 
be  plaoed  orer  a  heap  of  pith- 
balls  on  the  table;  they  are 
Tiolently  thrown  about  as  long 
as  the  excitement  continues. 

tution  of  little  figures  of  dancing  peasants,  made  of  cork  or 
pith,  and  placed  between  two  metallic  plates. 

5.  The  eleotrioal  wheel  is  composed  of  sereral 
points  fixed  in  a  centre,  so  balanced  as  to  rest  on  an  upright, 
sustained  on  one  of  the  conductors,  fig.  583 ;  as  the  machine 
is  woriked,  the  escape  of  the  electricity  from  the  points  reacts 
on  tlia  air  with  sufllcient  force  to  rcToWe  the  wheel  with  acti- 
Htj.  The  existence  of  such  a  current  of  air,  caused  by  the 
eseKpeaf  ^eetrieltj  firom  points,  is  farther  shown : — 

t,  Bjr  A  oandle  flame ;  a  candle,  fig.  684,  held  before 
tba  pelBty  has  its  flame  blown  aside  by  the  rush  of  air  accom- 
paaytng  tihe  eleetrioity.  If  the  candle  is  plaoed  as  a  conductor, 
iBd  e  potail  it  hdd  out  to  it»  the  direction  of  the  flame  is  altered  by  the  reTei«e 
tdaead  vm  tha  poln^  flg.  686. 
d9« 


The  dance  of  puppets,  fig.  582,  is  only  a  substi- 

582 
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This  f«p«rinMiit  hai  besn  eallad  the  «lMlrfe«f 
the  pointf  may  be  lo  eaergetie  from  an  aethre 
flame.    In  the  dark,  all  pointa  on  an  eleolrieal 
machine  emit  a  stream  of  lights  ealled  the  elee- 
tricalbmah.  Ofeonne  &Si 

no  sparki  can  be  drawn 


Thanuhafairfteu 
M  la  eoctiBgiiiih  the 
MS 


from  pointa,  bnt  a  Leyden  Jar  maj  be  iflently  charged  ftoni  1 
yards  of  ships  are  often  seen  thns  tipped  with  fire  (caUed  St*  Slmo*8  Ire)  ia  a 
thunder  storm.  If  the  point  is  ooTcred  with  a  ball  an  indb  or  two  in  diameter, 
its  pecoliar  action  ceases,  and  the  ball  emits  sparks. 

7.  Franklin's  spider,  BlliooU's  electrical  water-pot,  the  inclined  plane,  and  ths 
electrical  planisphere,  are  other  well-known  forms  of  ^paratns,  designed  to 
show  the  same  principle.  The  oatalognes  of  all  leading  instnunent-maken, 
contain  nomerons  additional  illastrations  to  the  same  end. 

y.    ACCUMULATID  BLICTRICITT  AVD  ITS  SFFBOTS. 

843.  Disguised  or  latent  eleotrioity. — ^The  pheiumieDa  of  indno- 
tion,  already  explained,  hare  a  oorioos  and  most  important  eztennoD 
in  the  subjeot  of  this  chapter.  When  two  equal  and  insnlated  coodae- 
tors,  equally  excited  by  the  two  opposite  electricities,  are  sepsrsted 
from  each  other  by  only  a  thin  plate  of  glass,  or  other  dielectric  mate- 
rial, no  signs  whaterer  of  any  electrical  exdtement  are  commnnicsted 
by  either  to  an  electroscope  connected  wiih  them.  The  dielectric  pie- 
vents  the  union  of  the  opposing  electricities,  but  not  their  mutual 
inductive  action,  whereby  their  presence  is  entirely  w»aski!>d  to  sur- 
rounding bodies. 

Removed  to  some  distance  from  each  other,  eaoh  manifests  fires  eleo- 
trioity, by  the  divergence  of  its  electroscope.  But  if  they  are  coos 
more  brought  together,  this  evidence  of  exdtement  agpdn  disappesrs, 
'  And  so  on,  until  the  imperfect  inrilation  of  the  air  gradually  neutral- 
izes all  free  electricity. 

When  so  situated,  the  electricities  are  said  to  be  UUmt  or  duyiMed^- 
paralyied  by  their  mutual  attractions. 

844.  Tlie  condenser  of  ^Splnna. — The  phenomena  of  disguise^ 
electricity  are  illustrated  by  the  use  of  various  coadewscrs,  eonsisting 
essentially  of  two  extended  metallic  suilboss»  and  an  ^**yiln^«>g  m»- 
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diom.  They  are  sometimes  adapted  to  ascamulate  electricity  of  high 
pension,  and  sometimes  their  aid  is  invoked  to  render  sensible,  qaanti- 
lies  of  electricity  otherwise  insensible. 

The  eondemer  of  JBpiniis,  figs,  586,  687,  is  designed  for  the  former  purpose. 
Two  polished  metallic  surfiMes,  A  G,  with         ^g^  .  g^ 

■lectroscopes,  ah,  and  an  intermediate 
thin  glass  plate,  B,  fig.  587,  are  all 
mounted  oa  insulating  glass  pillars,  and 
slide  in  a  groove  out  in  the  base.  In  fig. 
680,  the  two  disks  are  placed  in  olose^ 
oontAOt  with  the  intervening  dielectric, 
B,  whiles  by  the  chain,  n,  positiye  dec- 
trielty  flows  into  A,  from  the  excited 
aoAdaetor  of  an  electrical  machine. 

Did  A  stand  alone;,  it  could  only  receive  so  much  electricity  as  would  raise  its 
snrlhee  to  the  same  tension  with  the  prime  conductor  of  the  machine.  But  this 
condition  is  wholly  changed  by  the  presence  of  the  second  plate,  C,  cut  off  from 
aetoal  contact  with  A,  by  the  dielectric,  B,  but  entirely  within  its  inductiTo  in- 
fluence. A  part  of  the  natural  fluid  of  C  is  at  once  decomposed  by  this  influ- 
ence of  A,  attracting  its  negatire  fluid  to  the  inner  surface  of  G,  and  holding  it 
there,  while  the  corresponding  positive  fluid  from  G,  is  expelled  by  the  conduc- 
tor, m,  to  the  earth.  No  free  electricity  would  remain  if  it  were  possible  for  B 
to  exist  and  act  as  a  dielectric  without  thickness :  but,  as  this  is  evidently  im- 
possible, it  happens  that  a  little  less  negative  fluid  is  drawn  to  the  surface  of  G, 
than  exists  of  positive  on  A,  by  reason  of  the  thicltness  of  B.  Gonsequently, 
the  electroscope  on  A  remains  slightly  elevated  (residual  charge),  even  afler 
some  time,  while  that  on  C  continues  wholly  passive. 

But  the  neutralisation  of  A's  positive  fluid  by  the  decomposition  of  an  equiva- 
lent of  natural  electricity  in  G,  results  in  diminishing  the  tension  of  A,  to  the 
low  degree  corresponding  to  its  residual  free  electricity.  Hence,  A  can  receive 
a  fresh  charge  from  the  machine,  raising  its  tension  to  its  first  condition,  and 
inducing  the  decomposition  of  a  fresh  portion  of  neutral  electricity  in  G  as 
before,  and  thus  the  action  proceeds,  until  the  whole  of  the  natural  fiuid  of  both 
plates  is  decomposed  and  disguised,  or  rendered  latent,  excepting  that  small 
portion  which  at  each  instant  constitutes  the/i-e«  electricity,  equivalent  to  the 
diflerenoe  due  to  the  thickness  of  B,  and  which,  as  we  have  seen,  would  bo  null, 
if  B  could  be  conceived  of  as  having  no  thickness.  It  is  this  small  residue 
which'  constitutes  the  residual  charge  in  the  Ley  den  jar. 

In  performing  this  experiment,  the  knuckle  may  serve  as  a  conductor  to  the 
earth,  in  place  of  m,  when  a  rapid  series  of  sparks  will  be  received  (positive 
electricity),  constantly  diminishing,  and  ceasing  with  the  maximum  charge  of 
A  and  G.  This  point  of  maximum  charge  is  dependent  on,  Ist,  the  extent  of 
surface  in  A  B;  2d,  on  the  tension  of  the  prime  conductor;  and  3d,  on  the 
thickness  of  B. 

When  the  point  of  saturation  in  A  and  B  is  reached,  and  all  the  electricities 
possible  are  disguised  in  the  condenser,  the  pendulum  on  A  still  shows  only  a 
feeble  excitement,  although  both  A  and  B  are  in  a  state  of  extreme  tension. 
Withdraw,  now,  A  and  G  from  B,  as  shown  in  fig.  587 ;  now,  the  electroscopes, 
A  and  B,  both  show  high  excitement :  restore  the  plate  again  as  at  first,  an^  h 
becomes  again  entirely  passive,  while  a  shows  the  same  feeble  excitement  as 
Wore.     The  opposing  fluids  on  A  and  G  are  wholly  occupied  with  their  mutual 
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aitractk&Sy  and  only  Um  fmnll  ezeeM  of  •4-  tnid  is  frM^  m  alfwidj  oti>1*^"4 
(0  affeefc  the  oleotrofcope,  B.  The  platoe,  A  nnd  C,  «re  now  fiilly  eharged  will 
diflgQifed  eleotrioity,  rendered  Intent  by  mntnnl  Sndnetlonc,  and  llie  polnilsntlei 
of  the  dieleolrio  B.  Although  appnrently  pnasiTo,  tb«y  am  notenOly  in  natili 
•f  high  tension,  ni  may  be  prored  bjr  tlidr  ditoharga. 

845.  The  disoliarge  of  the  oondeneer  maj  iMppen  in  tiirM 

ways : — Ist,  ifuensiblff ;  by  Uie  imperfeel  insnlatioa  of  the  supports, 
especially  if  the  ur  is  damp ;  but  tiways  gradually. 

2d,  by  the  ditrupUve  dimshm^  If  the  plate,  B,  is  too  tiun  in  refer* 
enoe  to  the  extent  of  snrfiu)e  hi  A  and  0,  the  tendon  of  the  oppoeiBg 
flaids  will  overoome  the  ooherion  of  the  glees,  B,  and  it  will  be  shiTSied 
in  pieces,  with  a  load  explosion,  and  brilliant  spark.  The  same  spark 
and  explosion  may  take  place  withont  destroying  the  dieleetrie,  if  wi 
use  a  discharging  rod,  to  effect  oommunioadon  between  A  and  C.  Thii 
apparatus  is  either  single,  as  in  fig.  m8  589 

588,  or  double,  as  in  fig.  589.  If 
this  rod  is  provided  with  glass  in- 
sulating handles  (as  in  the  figures), 
the  experimenter  feels  no  sensation ; 
but  otherwise,  or  if  A  aod  C  are 
brought  into  conneotiun  by  the 
naked  hands,  then  a  powerful  shock 
is  experienced,  oonvulsing  the  whole 
frame.  The  same  sensation,  in  a 
feeble  degree,  is  felt  when  the 
knuckle  receifes  the  sparks  of  an  excited  machine. 

3d,  and  lastly,  the  charged  plates  may  be  «2oWy  discharged  by  aUer' 
nale  connection  with  the  earth.  While  the  condenser  is  in  the  condition 
indicated  by  fig.  586,  touch  C  with  the  finger ;  no  effect  follows ;  touch 
A,  and  a  feeble  spark  is  received ;  the  electrosoope,  a,  fieJls,  while,  st 
the  same  instant,  that  on  C  is  raised  to  the  same  degree,  showing  that 
what  A  has  lost  in  free  positive  electricity,  C  has  gained  in  free  negp^ 
tive  fluid.  Touch  C  ;  a  slight  shock,  a  feeble  spark,  and  the  fall  of  the 
electroscope,  B,  ensue,  while  the  electrosoope  on  A  agun  manifests  its 
original  excitement.  Thus,  by  the  alternate  discharge  of  A  and  C,  the 
whole  of  their  disguised  fluids  are  gradually  set  free  and  discharged. 

846.  Volta'e  oondenaing  eleotroaoope. — ^This  instrument  de 
pends  on  the  principles  just  explained,  and  is  used  to  render  sensiblf 
by  condensation,  electricity  of  too  feeble  a  tension  to  affect  the  ordinary 
gold-leaf  elettrometer. 

^he  plate  A.,  flg.  690,  is  eovered  with  waxed  silk,  slightly  larger  than  tfce 
diaks;  this  takej  the  plaoe  of  the  dielectric,  B,  flg.  686.  When  the  faistnuneal 
le  Qied,  the  upper  plate  is  placed  in  the  position  shown  in  fig.  692,  and  its  s■^ 
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flMe  is  iovdMd  with  the  body  whoM  ezoitement  we  would  moMiuo)  «.  ^^  a 
eryilil  of  toarmalino.  At  the 
soT&M  of  llio  lower  pUte 
(in  eonnootion  with  tbo  gold 
losToi),  is  toaehod  by  the 
moistoMd  Unger  of  the  other 
band.  Tbeinflueneeof  theez- 
eited  eleetrie  eeto  in  this  ei»e 
exactly  as  has  been  already 
txpl^ned  in  the  eondenser  of 
fipinos.  Ho  diyergenoe  is 
seen  in  the  gold  leares,  nntil 
the  npper  plate  of  the  eonden- 
ser Is  raised,  as  in  fig.  690, 
when  the  gold  leaTes  promptly 
direrge:  this  aoUon  being 
heightened  by  the  induetire 
inflaenoe  of  two  litUe  balls  of 
polished  brass,  rising  within 
the  glass  as  high  as  the  lower 
edge  of  the  gold  leares. 

Dr.  Hare's  single  gold- 
leaf  eleotrometer. — In 
Uiis  instrument,  a  single  gold  leaf,  about  three  inches  long,  by  one-third 
of  an  inch  broad,  is  hung  by  a  brass  rod  from  the  top  of  a  bell  or  globe, 
as  in  the  last  instrument.  Immediately  opposite  to  the  lower  end  of 
the  leaf,  a  similar  rod  of  metal  passes  through  an  opening  in  the  side 
of  the  vessel  carrying  a  gilded  disk  of  wood  or  paper  half  an  inch  in 
diameter.  This  lateral  rod  is  graduated  to  measure  small  distances. 
To  use  this  instrument,  the  lateral  rod  is  put  in  communication  with 
the  earth,  and  an  electric  is  brought  in  contact  with  the  upper  disk, 
when,  if  the  distance  between  the  leaf  and  the  lower  disk  is  small,  the 
most  minute  attractive  force  is  detected.  In  the  original 
instroment,  Dr.  Hare  employed  a  plate  of  sine,  on  an 
insulating  handle,  and  one  of  copper  on  the  instrument 
arranged  as  in  Yolta's  eleotrometer,  when  the  simple 
separation  of  these  two  disks  would  evince  a  tenfold  deli- 
caey  of  action  compared  to  Yolta's  condenser.* 

847.  Tlie  Xieyden  Jar. — Accident  led  to  the  discovery  ' 
of  this  remarkable  piece  of  apparatus,  long  before  its 
principles  were  made  clear  by  the  condenser  of  iBpinus, 
and  the  explanations  of  Franklin.  It  consists  of  a  thin 
glass  jar,  fig.  592,  coated  inside  and  outside  with  tin  foil, 
as  fitf  as  the  beod  of  the  neck.    The  inner  sur&oe  is  extended  by  the 


•  Hare's  Meehanieal  Bleetrielty,  PhUadelphia»  1885,  p.  S9. 
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wire,  carrying  a  brtM  knob  at  top,  tonehmg  the  iniMr  ooaling  hj  a 
piece  of  chain  or  wire,  and  sostained  in  its  plaoe  bj  passing  throogh 
a  non-conducting  cover  of  dry  wood.  « 

The  ralations  of  the  Jar  and  the  tiro  metalUe  eoatfags,  will  be  Mea  hy§g,5n, 
showing  in  eeetion  a  Lejden  jar,  the  parts  of  whieh  art  segtaraUe^  aad  its  wire  bcM 
oonTenientiy  into  a  hook,  to  suspend  it  on  the  waBhine.  It  will  be  aeea  at  a  giaaes 
that  this  arrangement  is  identical  in  prinei|^  with  the  eoadeaaer  of  Apians,  sad 
the  eleotrieal  plates  of  Franklin.  If  the  knob^  h,  of  the  L^den  jar,  insolatod 
upon  a  stand,  Ig.  69^  is  presented  to  the  eondnetor,  a,  of  the  eleetrieal  auehiiM 
in  action,  01U7  a  single  spark  or  se^  wiU  enter  it,  unless  5S4 

a  way  is  prorided,  as  by  the  eondnetor,  e^  for  the  escape  of 
the  similar  electricitj  from  the  exterior  coatings  698 
whUe  its  opposite  is  then  fixed  as  in  0,  fig.  M7. 
The  charging  of  the  jar  then  proceeds,  and  for  t 
CTcry  spark  which  darts  from  a  to  &,  a  oorrespond-  J 
ing  one  of  similar  electricity,  is  seen  to 
from  the  outer  coating  to  e.  When  it  is  held  in  I 
the  hand,  the  same  eflfoct  follows  through  the  arm, 
accompanied  by  a  slight  twinge  in  the  nenres.  ' 
Presently  the  point  of  saturation  is  leaohed,  and  the  two  decomposed  eloetiieitiH 
are  latent  Either  coating  may  be  fearlessly  touched  alone,  but  aa  soon  as  by  the 
discharger  or  otherwise,  communication  is  made  between  them,  a  load  snap  and 
brilliant  spark  follow  with  a  violent  shock. 

The  invention  of  the  Leyden  jar,  or  Tial,  is  commonly  attributed  to  Cunani 
or  Muscheobroek  of  Leyden,  in  1746.  Yon  Kleist,  dean  of  the  chapter  at  Comin, 
in  Pomerania,  also  independently  dlscorered  tUs  important  instrument  by  a 
similar  accident. 

With  a  yiew  to  fix  electricity  in  some  insulated  substance,  Cnnaeus,  in  1746, 
led  electricity  into  a  small  Tial  containing  water,  by  a  bent  nail  thrust  throogfa 
the  cork,  and  hung  upon  the  prime  conductor.  EndeaToring,  in  one  of  the«e 
trials,  to  detach  the  Tial  and  nail  fit>m  the  electrical  machine,  Cunsraa,  to  bii 
great  amasement,  receiTcd  a  Tiolent  shock.  Von  Kleist,  in  the  course  of  s 
Taluable  scries  of  experiments  (1745)  on  electricity,  led  the  fluid  by  a  brasi 
wire  or  pin  into  a  bottle  containing  mercury.  "As  soon,"  he  says,  ^'as  this 
little  gloss,  with  the  pin,  is  remoTcd  from  the  electrical  machine,  a  flaming 
pencil  issues  from  it  so  long,  that  I  haTC  been  able  to  walk  sixty  paces  in  the 
room  with  this  little  burning  machine ;  and  if  the  finger  or  a  piece  of  money  bs 
held  against  the.  electrified  pin,  the  stroke  coming  out  is  so  strong  that  both 
arms  and  shoulders  are  shaken  thereby." 

This  discovery  of  so  wonderftil  a  power  in  nature,  before  unsuspected,  cieatsd 
immense  excitement  OTcr  the  ciTilised  world,  and  it  was  preciaely  at  this  tine 
that  Franklin  immortalised  himself  by  his  contributions  to  the  new  science.  He 
explains  the  action  of  the  Leyden  Tial  by  his  single  fiuid  hypothesis,  in  his 
-  Observations  and  Experiments  on  Electricity,"  in  a  manner  which  must  ever 
win  for  him  the  reputation  of  a  profound  philo- 
sopher. 

848.  Eleotrioity  in  the  Leyden  Jar 
resides  on  the  glass. — In  fig.  595,  the 
jar,  A,  is  composed  of  the  three  separable  | 
pieces ;  B,  the  glass,  C,  its  outer,  and  D, 
its  iuner  metalUo  ooa^ngji.   "WViva  ^>a  *^«t  \a  cSias^BidL,  and  set  on  aa 
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insulating  sarfaoe,  it  may  be  separated  into  its  thi*ee  parts  without 
being  discharged ;  but  C  and  D  will  then  be  found  by  the  electroscope 
entirely  free  from  ezcj^ment,  while  B  remains  strongly  excited.  Put- 
ting the  parts  together  again  as  in  A,  the  jar  will  be  found  charged  as 
at  first,  if  the  air  is  dry,  and  too  much  time  has  not  passed. 

849.  The  eleotrio  battery. — As  the  charge  of  the  Ley  den  jar  is, 
other  things  being  equal,  directly  as  its  surface,  large  jars  are  plainly 
of  more  power  than  small  ones.  But  a  limit  of  size  is  soon  reached, 
which  the  thickness  of  glass  required  for  stl^ngth,  and  other  circum- 
stances, render  it  unprofitable  to  pass.  Hence  several  coated  jars,  of 
moderate  size,  are  united  by  joining  all  their  inner  coatings  by  metallic 
rods,  and  all  their  outer  coatings  by  a  common  conducting  base,  as 
shown  in  fig.  596.   Such  an  arrangement  596 

is  called  an  dedrieal  baiiery.  When 
charged  from  a  common  source,  and  dis- 
charged in  the  usual  way,  they  all  act  as 
one  great  jar,  the  result  being  not  quite 
in  the  ratio  of  the  number  of  jars,  but 
nearly  so.  Hence,  the  smaller  the  num- 
ber, the  thinner  the  glass,  and  greater  the 
size  of  the  jars,  the  better,  and  several 
batteries  of  seven  and  nine  jars,  united  to  the  charging  rods  of  the 
central  jars,  are  preferable  to  more  extended  single  series.  They  are 
charged  by  connecting  the  interior  with  the  prime  conductor  by  /, 
and  the  exterior  with  the  earth.  If  the  battery  is  extensive,  and  the 
machine  powerful,  great  caution  is  requisite  to  avoid  receiving  its 
shock ;  an  accident  which  might  be  serious  in  its  consequences. 

The  battery  used  by  Von  Marnm,  with  the  machine  already  noticed  (837),  em- 
braced one  hundred  jars,  each  thirteen  inches  in  diameter  and  two  feet  high.  The 
coated  surface  was  five  hundred  and  fifty  square  feet  (five  and  a  half  feet  to  each 
Jar).  When  fully  charged,  its  force  was  irresistible.  A  bar  of  steel  nine  inches 
long,  half  an  inch  wide,  and  one-twelfth  of  an  inch  thick,  was  rendered  power- 
fally  magnetic  by  the  discharge.  A  small  iron  wire,  twenty-five  feet  long,  was 
deflagrated,  and  various  metals  were  dissipated  and  raised  in  vapor,  when 
plaeed  in  the  circuit  of  discharge.  A  book  of  200  pages  was  pierced  by  it,  and 
blocks  of  hard  wood,  four  inches  square,  split  into  fragments. 

850.  Dieoharge  in  cascade.-^A  series  of  two  or  three  Leyden  jars 
may  be  placed  horizontally  upon  insulating  stands,  so  that  the  interior 
of  each  succeeding  one  may.  receive  the  sp^rk  from  the  outer  coatings 
of  the  one  preceding. 

This  mode  cf  charging  cannot  be  carried  beyond  two  or  three  Jars,  owing  to 
the  accumulated  resistance  soon  vitiating  the  result.  But  Mr.  Baggs,  of  London, 
has  very  ingeniously  contrived  an  eleotrio  battery,  the  jars  of  which  are  charged 
together,  but  are  discharged  consecutively.  Each  Jar  is  supported  in  a  horisontal 
fodUon  OB  a  vertieal  spindley  their  knoM,  while  being  charged, '^s^vq.^xx^  vqs^ 
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ward,  like  the  ndii  of  a  drele,  and  whoo  the  hattety  if  to  be  dieeharged,  th» 
koobfl,  bj  a  quarter  reTolation,  are  brought  oppoaite,  each  to  the  bottom  of  d» 
next  jar.  In  this  waj  the  diamptiTe  power  or  intenaiW  of  the  ipark  is  mvlti- 
plied  as  the  Jars,  the  ^tfaMftty  remaining  the  samew  MK  Bogge  is  said  to  hart 
discharged  his  battery  of  twelre  Jan  through  a  q»aee  of  three  ftet  (Aa. 
Jonr.  BoL  [2]  VIL  418.) 

851.  The  oniTersal  disoharger. — ^Varioas  oontrivanoes  are  in  me 
for  regulating  or  measuriDg  the  discharge  of  the  eleekric  battery,  aod 
the  single  jar.  Of  these,  Qenley's  597 
uniTersal  discharger,  fig.  597,  is, 
perhaps,  the  most  osefuL  By 
means  of  this  simple  apparatus, 
the  electrical  fluid  may  be  made  to 
pass  through  any  substance  placed 
upon  the  table,  t  Two  rods,  slid- 
ing in  the  joints  a  of,  end  in  balls, 
c  c^,  covering  points  which  can  be . 
exposed  by  their  removal.  The  rod,  o^,  connects  with  the  positive  side 
of  the  battery,  for  example,  while  by  the  discharging  rod,  fig.  589, 
communication  can  be  made  at  pleasure  between  a  and  the  negatire 
side  of  the  battery,  by  a  chain  or  metallic  thread. 

The  charge  of  the  battery  may  be  preyented  IVom  passing  a  giren  limit,  by 
using  the  discharging  electrometers  of  Lane  or  Cuthbertson,  in  which  a  bail  if 
sustained  at  such  a  distance  flrom  the  discharging  knob  of  the  battery,  that  vhta 
its  charge  reaches  the  proper  tension,  it  discharges  itself. 

A  beautiful  illustration  of  the  slow  discharge  of  a  charged  jar  is 
seen  in  fig.  598,  where  a  charged  Leyden  jar,  with  a  small  bell  m 
place  of  the  knob,  is  set  upon  a  board,  598 

near  to  a  little  brass  ball,  hung  from  a 
silken  thread,  upon  a  wire,  carrying  a 
second  bell  in  connection  with  the  earth 
by  A  B.  The  effect  is,  thut  the  +  elec- 
tricity of  the  jar  attracts  the  little  ball, 
lot  after  striking  the  bell,  the  ball  is  re- 
pelled, until,  coming  in  contact  with  the 
other  bell,  it  is  discharged,  and  so  on  for 
many  hours,  this  little  chime  is  rung  by 
the  electrical  pendulum. 

852.  The  electric  apark.— The  elec-    ^ 
trie  light  and  spark  result  from  the  re-  {^^• 
union  of  the  two  electricities  in  the  air. 
In  a  vacuum  there  is  no  spark  (fig.  601). 
The  zigzag  path  of  the  spark  and  of  lightning  is  due  to  the  reeistanet 
of  the  air     Every  eleoteioeX  d^M^kiAx^  ^^To^viiCiMa  «x.^aiistoii  of  the  air, 
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and  the  form  and  color  of  the  spark  are  materially  influenced  by  the 
density  and  chemical  composition  of  the  gaseous  medium  through 
which  it  passes.  The  character  of  the  sparks  depends  also  on  the  form, 
area,  and  electrical  intensity  of  the  discharging  surfaces,  likewise  on 
the  kind  of  electricity  on  the  conductor  in  which  the  spark  originates ; 
firom  the  o^ative  conductor  the  sparks  are  far  less  dense  and  powerful 
than  those  from  positive  electricity.  599 

Kinneisley^s  thermometer,  fig.  599,  shows  the 
agitotioii  and  expansion  of  the  air  foUoving  an  electrical 
explosion.  A  portion  of  water  in  the  larger  vessel,  which 
is  air-tight»  oommanidates  freely  with  the  small  open  tube, 
attached  to  the  footy  and  ending  in  a  narrow  glass  tnbe. 
When  an  electrical  discharge  takes  place  through  the  ap- 
paraftas,  the  eonseqaent  expansion  of  the  ahr  violently  raises 
the  eahuan  in  the  smaller  tube,  but,  after  the  commotion  is 
OTer,  the  fluid  gradually  regains  its  original  level,  as  the 
air  in  the  larger  vessel  cools.  The  electrical  mortar  dis- 
chargee its  ball  bj  the  force  of  air  expanded  at  the  moment 
of  the  electrical  discharge. 

The  color  of  the  eleotrical  apark. — Faraday 
ubserred  that  in  air,  oxygen,  and  dry  chlorohydrio 
acid  gas,  the  spark  was  white,  with  a  light  bluish 
ahade,  especially  in  air.  In  the  heavy  thunder- 
atorma  common  in  an  American  summer,  the  light 
of  a  powerful  flash  of  lightning  is  distinctly  purple, 
and  sometimes  violet.  In  nitrogen  it  is  blue  or 
purple,  and  gives  a  remarkable  sound ;  in  hydrogen 
it  is  crimson,  and  disappears  when  the  gas  is  rare- 
fied ;  in  carbonic  acid  the  color  is  green,  and  the  form  of  spark  very 
irregular ;  in  ozyd  of  carbon  it  is  sometimes  green  and  sometimes  red ; 
In  chlorine  it  is  green.  600 

The  little  apparatus,  fig.  600,  is 
well  calculated  to  show  these  effects 
by  contrast  at  one  view.  The  three 
tubes,  a  a'  a",  are  respectively  filled 
with  various  gases  and  sealed.  Each 
tube  has  two  short  platinum  wires,  nn, 
soldered  into  its  sides,  through  which 
the  electric  spark  from  h  must  pass 
on  its  way  to  the  ground  by  c. 

Thm  elaotrioal  diaohar|;e  in 
a  waomun,  becomes  an  ovoidal 
toft  of  light,  uniting  the  cfbn- 
dnctora.  The  apparatus,  fig.  601,  is  designed  to  show  these  efiects. 
A  large  ^g-ehaped  glass  vessel  is  mounted  at  the  lower  extremity 
with  a  Btop-cock,  for  attaching  it  to  the  aix^pump,  in  order  to  ft- 
60 
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move  the  whole  or  a  part  of  the  air,  or  to  replace  it  by  Taper  rf 

alcohol,  ether,  or  any  other  gas  not  acting  on 
brass.  By  the  rod,  A,  connection  is  established 
with  the  electrical  machine,  while  the  distance 
between  the  electrical  poles,  B  C,  may  be 
adjusted  by  sliding  the  upper  rod  in  its  air- 
tight socket.  This  apparatus  is  called  the 
electrical  or  philosophical  egg.  The  rarer  the 
air,  the  more  globular  becomes  the  spheroid, 
and,  at  the  same  time,  less  brilliant  The 
auroral  tube  is  only  a  modification  of  the  same 
apparatus. 

This  apparatus  is  also  nsed  with  splendid  effeet 
with  the  Induction  ooil. 

Difference  between  the  poaitive  and 
negative    apark. — The  tuft  of  light  from 
positive  electricity  is  far  more  beautiful  than 
that  from  negative,  as  seen  from        602 
the  ends  of   two   points.    Thus,  ^|^ 
while  positive  electricity  gives  an 
opening  sheaf  of  light,  negative 
electricity  gives  only  a  small  star, 
fig.  602.    In  rarefied   air,  these 
differences  are  much  less   appa- 
rent.   Faraday  suggests  that  they  are  due,  chiefly,  to  the  greater  fadlitj 
with  which  negative  electricity  escapes  in  air,  than  6(tt 

positive,  as  conductors  negatively  charged,  lose  their 
excitement  sooner  than  those  positively  charged. 

The  diamond  Jar. — To  show  that  the  coatings  of 
the  jar  convey  the  electricity  collected  on  the  gla 
to  the  point  where  it  meets  the  cause  of  discharge,  a 
jar  may  be  coated  with  metallic  filings,  fig.  603,  or 
patches  of  tin-foil,  fig.  604,  cut  in  lozenges       6<H 
(a  diamond  jar).    The  wire  of  the  jar  is 
bent  over,  as  in  fig.  603,  so  as  to  bring  the 
ball  near  the  outer  coating,  which  connects 
l)y  a  chain  with  the  earth.    When  the  ma-  i 
chine  (on  whose  arm  this  jar  is  hung)  is  I 
worked,  a  brilliant  spark  is  seen  at  inter- 
vals to  dart  from  the  knob  to  the  outer 
coating,  and  thence  to  spread  in  sigzag 
courses  over  the  whole  surface. 

BcintillatinB  tnbe  and  ma^io  a<\iaaxe«. 
— Every  coUecti<^n  «^^  •\ecttv5«\  v^^^^xa.voA  ^\i\s^%^dDM^\%3cdSx>j^^;^ft^ 


+       - 


*s^ 
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of  apfMuraias,  illnstrmtiTe  of  the  phenomena  of  the  electric  epark.    The 
scintillating  tube,  fig.  605,  like  the  jar,  fig.  604,  has  rows  of  lozenge- 

605 


I  of  tin-foil  pasted  on  its  interior,  usually  in  a  spiral,  and, 
wbaiii  biU  bj  the  hand,  as  shown  in  the  figure,  the  electricity  flashes 
paint  to  point  at  the  same  apparent  instant,  producing  a  most 
leflbek  606 


n«  WHigU  •9««rM  are  pane*  of 
glaw  oa  wbieh  an  intermpted  strips 
of  Ub  taXlt  eat  to  represent  some 
deeign,  to  be  made  risible  onl  j  when 
a  spark  passes.  These  squares  are 
mounted  on  a  foot,  in  connection 
with  the  earth,  and  are  set  near  the 
ball  of  the  prime  conductor.  Bj 
■eaUaring  metallic  filings  over  a 
Tamisbed  surface  of  glass,  the  same 
•ffMi  is  pioduoed  as  upon  the  jar, 
fig.  603. 

863.  Bffeota  of  the  electric 
disdiarge.— The  effects  of  the 
electrio  discharge  are  chiefly, 
lat»  physiological;  2d,  phys^ 
enl;  3d,  mechanical;  4th,  che- 

mieaL  The  passage  of  the  electricities  through  bodies,  is  sometimes 
impeded  by  their  bad  conducting  power,  or  by  want  of  proper  dimen- 
aiona ;  and,  in  either  case,  a  powerful  electric  discharge  manifests  itself 
in  one  of  those  modes. 

854.  Physiological  effects. — These  are  seen  in  the  shock  experi- 
enced by  all  Hying  beings,  in  the  passage  of  electricity  through  any 
of  their  members.  Any  number  of  persons,  joined  hand  to  hand,  will 
receive,  at  the  same  instant,  the  shock  of  an  electric  battery.  Abb6 
Noilet  imparted  it  to  over  six  hundred  persons  in  his  convent  at  one 
\  in  the  middle  of  the  chain  being  little  less  affected  than 
'  the  conductors. 


A  panoB  charged  on  the  insulating  stool,  feels  a  prickly  heat  and  glow  of  the 
Alfly  fsralting  in  perspiration.    Man j  useful  applications  hare  been  devised  of 
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this  agent  in  medicine.*  It  needs  hardlj  to  be  said,  tbai  the  Ml  jboek  <4  % 
powerful  battery  will  destroy  life  in  man.  Sparks,  flflaea  or  eighteen  inclMi 
long,  begin  to  be  unsafe,  if  fVom  large  sorfaees.  Small  animala,  as  biidi,  an 
easily  killed  by  a  moderate  disoharge,  on  the  table  of  the  nniTersal  disefaarfR. 
Fig.  697. 

855.  Inflammation  of  oombnatibles. — ^Although  no  aenae  of  beat 
is  felt  when  the  knuckle  receives  strong  sparks  from  an  aetive  maehbe, 
yet  the  smallest  spark  serves  to  inflame  ether,  whether  from  a  Leyden 
jar,  from  the  finger,  or,  more  strikingly,  from  an  icicle  held  in  the 
fingers  of  one  mounted  on  an  insulating  507 

stool. 

The  ether  is  placed  in  a  metallic  cup,  and  the 
spark  should  be  drawn  on  its  edge  moistened  with 
ether,  fig.  607.  Qunpowder  placed  on  the  table 
of  the  universal  discharger,  over  the  poinU  of 
the  rods,  a  a',  flg.  697,  is  simply  thrown  about, 
without  being  fired;  but  if  a  wet  string,  in 
place  of  one  of  the  conducting  wires,  forms  part 
of  the  connection,  its  retarding  power  is  such  as  | 
to  fire  the  powder.  The  lighting  of  gas  IVom 
the  finger  of  one  charged  by  running  on  a  car- 
pet, has  already  been  mentioned  (840,  (2).)  Lycopodium,  alcohol,  a  oewlj 
extinguished  candle,  and  many  other  combustibles,  are  also  easily  inflamed  by 
the  spark.  Oold  leaf  confined  between  two  glass  plates  with  the  edges  hang- 
ing out,  will  bum  with  the  explosion  of  the  glass,  and,  if  held  between  eards, 
will  stain  them  with  purple  oxyd  of  gold.  Silhouette  likenesses  of  Fraakliii 
are  thus  printed:  a  powerful  current  from  a  battery  is  needed  for  this. 

856.  Chemical  union  efifeoted  by  eleotrioity. — A  mixture  of 
hydrogen  two  volumes,  and  of  oxygen  one  volume,  or  of  hydrogen  with 
seven  or  eight  times  its  volume  of  common  air,  is  exploded  by  a  spark 
passing  through  the  containing  vessel,  i,  g.  ^^g 

the  tin  air-pistol,  called  "Volta's  pistol,"" 
fig.  608,  is  provided  with  an  insulated  con- 
ductor, ending  near  the  inner 
surface  of  the  pistol  at  B. 
Its  mouth  is  closed  tightly 
by  a  cork,  and  the  spark 
caused  to  pass  by  holding 
it  near  the  prime  conductor, 
fig.  609,  or  to  the  electro- 
phorus.  The  cork  is  then 
violently  expelled,  by  the  expansion  of  steam,  with  a  loud  explosion. 

*  Consult  Garratt's  Electro -physiology,  Boston,  1850,  8vo.,  pp.  708;  or  Chaa- 
king's  Medical  Electricity. 
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▼olta's  eleoMoal  lamp.— A  ielf-regnlating  hydrogen  apparatus  is 
in  fig.  610,  similar  in  its  action  to  the  common  hydrogen  lamp, 


with  platinum  sponge.  In  its  base  drawer 
is  an  electrophoms,  f*P,  the  plate,  P,  of 
which  is  always  charged.  A  silk  cord 
oonnects  the  upper  plate  P,  with  the  gas 
oock,  R,  in  such  a  way  that  when  the  gas 
in  T  is  drawn,  the  communication  is  ef- 
liMsted  at  o,  with  the  insulated  wire,  V^ 
and  the  electricity  thus  finds  its  way  in 
a  apark  between  the  buttons  at  O,  and 
eaoapes  to  the  earth  by  U  As  the  hydro- 
gm  is  flowing  at  that  moment  from  the 
jal»  it  is  inflamed,  and  kindles  a  little 
eandle  standing  in  its  path.  Every  time  , 
the  oock,  R,  is  moved,  the  plate,  P,  rises, 
and  communicates  a  spark.  With  care, 
this  instrument  remains  in  action  for  weeks,  from  a  single  excitement. 
857.  The  mechanical  effects  of  the  electrical  discharge. — Any 
thin  non-conducting  substance  placed  between  the  balls  of  the  univer- 
sal discharger,  is  either  pierced  or  broken  where  the  fluid  passes.  The 
phenomena  attending  these  experiments  are  curious  and  instructive  in 
point  of  theory. 

When  A  thin  piece  of  glass,  v,  is  placed  in  the  position  seen  in  fig.  611, 
between  the  points  of  the  conductors,  a  &,  a  small  hole  will  be  made  through 
the  glass,  as  if  with  a  drill,  provided  the  effect  of  the  fluid  is  concentrated  by 
placing  a  drop  of  oil  at  the  point  to  be  pierced.  The  hole  is  circular,  starred, 
sad  its  edges  smooth,  and  sometimes  it  remains  filled  with  the  powdered 
glsM  in  fine  dust,  easily  removed.  It  requires  a  powerful  battery  to  pierce 
glass  one-twelfth  of  an  inch  thick.  «.« 

If  a  card  is  placed  in  the  path  of  the  fluid,  it  is  pierced  with 
a  raised  edge  (burr)  on  both  sides  of  ^y\ 

iSbm  'Mm,  When  tJiie  eard  is  placed 
obliquely,  as  seen  in  fig.  612,  between 
the  points,  ae,  of  the  insulating  holder, 
the  hole  is  made  in  the  place  and  di- 
rection seen  at  o  in  the  section ;  that 
is,  nearer  the  negative  pole,  its  edges 
being  raised,  or  thickened,  a  circum- 
stance due,  probably,  to  the  decompo- 
sition of  the  neutral  fluid  in  the  card, 
oeeasioning  a  rush  of  electricity  in  both 
directions.  This  has  been  esteemed  a  ^^^*^ 
fact  inexplicable  on  the  single  fluid  hypothesis,  while  the  position  of  the  hole, 
always  near  to  the  negative  pole,  indicates  that  the  negative  fluid  passes  less 
readily  through  the  air  than  the  positive.  Many  other  examples  of  the  frao- 
60* 
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tare,  or  dispersion  of  non-eondncting  bodies,  may  be  gathered  firom  the  largei 
treatises. 

858.  The  ohemioal  effects  of  statical  eleotricitj  are  geoerallj  fee- 
ble. Besides  those  before  alluded  to  (856),  Wollastoo,  with  very  fine 
points  of  gold  wire  immersed  in  water,  deoompoeed  water  in  rerj 
small  quantity.  A  paper  moistened  with  iodid  or  bromid  of  potaasiom, 
is  stained  brown  by  the  electrical  discharge  when  it  is  laid  upon  tbe 
scintillating  square  (fig.  606).  Olefiant  gas,  sulphuric  acid,  chlorohj- 
dric  acid,  ammonia,  and  nitrous  ozyd,  are  decomposed  by  the  electric 
discharge,  with  the  separation  of  their  constituent  elements,  and  ea^ 
bonic  acid  is  decomposed  into  oxygen,  and  oxyd  of  carbon.  The  ele- 
ments of  the  air  unite  under  a  prolonged  series  of  sparks  (Priestley), 
to  form  nitric  acid  (Cavendish),  and  lightning  in  the  atmosphere  forms 
the  same  compound,  as  the  analysis  of  rain-water  has  shown  (Liebig). 
Numerous  other  evidences  of  the  chemical  effecta  of  electricity  have 
been  recorded ;  perhaps  the  most  important  of  these,  is  that  atmo- 
spheric effect,  called  ozone, 

859.  Ozone. — This  term  is  derived. from  the  Greek,  in  allusion  to 
the  peculiar  odor  which  is  always  perceived  after  an  electrical  discbarge 
or  excitation  of  a  machine,  and  sometimes  improperly  compared  to  the 
odor  of  sulphur,  which  it  does  not  at  all  resemble.  It  is  due  to  a  re- 
markable state  or  condition  induced  in  oxygen  gas  by  electricity  (and 
by  several  other  causes  also).  Mr.  Schonbein,  of  Basle,  has  de?oted 
himself  to  the  study  of  the  curious  properties  of  this  singular  product, 
tbe  record  of  which  belongs  rather  to  Chemistry  than  to  Physics. 

VI.    ATMOSPHERIC  ELECTRICITT. 

860.  Franklin'a  kite. — We  owe  to  Dr.  Franklin  the  demonstration 
that  tbo  phenomena  of  a  thunder-storm  are  due  to  electricity,  identical 
with  that  excited  in  electrical  experiments.  He  proposed  two  modes, 
in  1749,  by  which  he  supposed  electricity  might  be  drawn  from  tbe 
clouds.  Dalibard,  at  his  suggestion,  erected  in  the  open  air  near  Paris, 
in  1752,  a  pointed  and  insulated  iron  rod,  40  feet  long.  On  the  10th 
of  Mny,  1752,  electrical  sparks  were  obtained  from  this  rod,  with  the 
usual  snapping  sound.  In  June  of  the  same  year,  Franklin,  tired  of 
waiting  for  the  erection  of  a  tall  spire  in  Philadelphia  on  which  to 
place  his  pointed  conductor,  conceived  the  idea  of  reaching  the  higher 
regions  of  the  air  by  a  kite.  This  he  formed  of  a  silk  handkerchief 
stretched  over  two  light  cedar  sticks.  It  had  a  pointed  wire  at  top, 
and  a  silken  cord  insulated  the  hempen  string,  at  the  lower  end  of  which 
he  tied  an  iron  key. 

Watching  tbe  approach  of  a  thunder-storm,  he  raised  the  kite,  and 
soon  had  the  satisfaction  of  seeing  tbe  fibres  of  the  hempen  string 
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bristle  and  repel  each  other,  and  finally  when  the  rain  had  rendered 
the  string  suifioientiy  a  conductor,  he  enjoyed  the  unspeakable  satisfac. 
tion  of  seeing  long  eloctri(;al  sparks  dart  from  the  iron  key.  Thus  was 
realized  by  actual  experiment  one  of  the  boldest  conceptions  and  most 
interesting  d^sooveries  in  the  history  of  science. 

Efforts  hare  been  made  to  rob  Franklin  of  the  honor  of  thia  discovery,  but  il 
IB  one  thing  to  suggest  that  two  phenomena  may  be  identical,  and  quite  anothei 
thing  to  prove  it.  Dalibard's  experiments  were  undertaken  at  Franklin's  sug 
gestions  and  hardlj  preceded  his  own  in  date. 

These  experiments  were  everywhere  repeated,  and  it  soon  became  evident  thai 
thej  were  far  from  being  free  from  danger.  Romas,  in  June,  1753,  during  a 
thunder-storm  in  France,  drew  flashes  of  electrical  fire  ten  feet  long,  from  a  kite 
r.used  by  a  string  650  feet  long.  The  experiment  was  accompanied  by  every 
evidence  of  intense  electrical  tension  in  the  attraction  of  straws,  the  sensation 
of  spiders'  webs  over  the  faces  of  the  spectators,  and  in  the  loud  reports  and 
roaring  sounds,  similar  to  the  noise  of  a  large  bellows.  In  August,  1753,  Prof. 
Riehmann,  of  St.  Petersburgh,  lost  his  life  while  engaged  in  similar  experiments. 
Cavallo,  in  London,  in  1777,  obtained  enormous  quantities  of  atmospheric  elec- 
tricity by  an  electrical  kite,  and  noticed  that  it  frequently  changed  its  cbaractei 
ma  the  kite  passed  through  different  layers  of  the  air.  In  telegraph  offices  during 
a  thunder-storm,  vivid  sparks,  oflen  very  inconvenient  and  not  without  danger, 
are  constantly  flowing  from  the  receiving  instruments,  being  induced  on  the 
ielepraph  wires  from  the  atmosphere,  during  thunder-storms.  (Henry,  Am. 
Jour.  Sci.  [2]  III.  25.) 

861.  Free  electricity  in  the  atmosphere. — That  the  atmosphere, 
besides  the  combined  electricity  proper  to  it,  contains  also  at  all  times 
free  electricity,  is  proved  by  raising  an  insulated  conductor  a  few  feet 
into  the  air,  as  by  a  long  fishing-rod,  and  connecting  it  with  the  con* 
denser  of  the  electrometer,  the  leaves  of  which  will  diverge  sensibly 
when  there  is  no  sign  of  any  thunder-storm.  Near  the  earth  (say  within 
tliree  or  four  feet),  no  evidence  of  free  electricity  can  be  detected,  but 
as  we  rise  in  the  air,  its  force  constantly  increases.  Becquerel  and 
Breschet,  sent  up  arrows,  attached  to  a  tinsel  cord  ninety  yards  long, 
from  the  top  of  the  Great  St.  Bernard,  while  the  other  end  was  con- 
nected with  the  condenser  of  an  electrometer ;  they  found  that  the  gol'd 
leaves  diverged  in  proportion  as  the  arrow  rose  higher. 

It  appears  from  experiments  like  these  and  others  made  chiefly  by  Ronalds, 
of  Kew,  that  the  atmospheric  electricity  increases  and  decreases  daily,  twice  in 
twenty-four  hours,  and  the  following  general  results  are  established. 

Ist.  The  electricity  of  the  air  is  always  positive — is  fullest  at  night — increases 
after  sunrise— diminishes  towards  noon — increases  again  towards  sunset,  and 
then  decreases  towards  night,  after  which  it  again  increases. 

2d.  The  electrical  state  of  the  apparatus  is  disturbed  by  fogs,  rain,  hail,  sleet, 
or  snow.  It  is  negative  when  these  approach,  and  then  changes  frequently  to 
positive,  with  subsequent  continued  changes  every  three  or  four  minutes. 

3d.  Clouds  also,  as  they  approach,  disturb  the  apparatus  in  a  similar  way, 
and  produce  sparks  from  the  insulated  conductor  in  rapid  succession,  so  that 
an  explosive  stream  of  electricity  rashes  to  the  reeeiving  pole,  which  ahould  be 
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pMMd  off  to  Ihe  evth.    Similarly  powerftil  eflbots  froqnmitlj  attend  a  dririsg 
fog  aod  heavj  rain. 

Crosse,  of  England,  had  over  a  mile  of  insulated  wire  sostained  on  poles  om 
hundred  feet  high  abore  the  tall  trees  of  his  park,  conneoting  bj  pointed  eondac- 
tors  with  his  laboratory,  where  he  has  frequently  oolleetedy  daring  a  heavy  fog, 
electricity  enough  to  charge  and  discharge  a  battery  of  flflj  iart»  and  aeveatj- 
three  square  feet  of  coated  surface,  twenty  times  in  a  minnta,  with  a  report  u 
loud  as  that  of  a  cannon. 

Numerous  hypotheses  have  been  put  forward  to  aooount  for  what  has 
been  considered  the  free  eleotricitj  of  the  atmosphere.  Prof.  Henrj, 
after  an  attentive  study  of  the  whole  subject,  feels  compelled  to  reject 
them  all  as  insufficient  except  that  of  Peltier,  which  refers  these  pheno- 
mena not  to  the  excitement  of  the  air,  but  to  the  inductive  action  of  the 
earth  on  its  non-conducting  atrial  envelope.  This  view  ioTolves  the 
assumption  that  the  earth  was  in  some  way  primarily  electrified.  It  is 
a  fact  that  the  earth  is  always  in  a  state  of  negative  excitement,  as  was 
shown  by  Yolta,  who  for  this  purpose  received  the  spray  from  a  cascade 
on  the  balls  of  a  sensitive  electrometer,  when  the  leaves  diverged  with 
negative  electricity.  (See  an  able  article  on  Atmospheric  Electricity 
by  Prof.  Henry,  Patent  Office  Report,  Agriculture,  1859,  p.  485.) 

The  subject  of  atmospheric  electricity,  especially  the  description  of 
electric  meteors,  is  more  properly  referred  to  Meteorology. 

I  3.  Dynamical  Electricity. 

I.    GALVANISM  AND  VOLTAISM. 

862.  Discovery  of  galvanism. — In  1786,  Luigi  Galvani,  professor 
of  anatomy  in  the  University  of  Bologna,  while  engaged  upon  a  long 
series  of  observations  on  the  effects  of  atmospheric  electricity  upon 
animal  organisms,  noticed  that  the  legs  of  some  frogs,  prepared  for 
experiments,  became  convulsed,  although  dead  and  mutilated — ^when 
the  vertebras,  with  portions  of  the  lumbar  nerves,  were  pressed  against 
the  iron  railing  of  the  window  balcony  where  they  613 

were  placed,  awaiting  the  use  for  which  they  had* 
been  designed.    Repeating  this  novel  and  curious 
observation  in  various  ways,  he  soon  found  that 
the  convulsions  were  strongest  when  he  made  con- ; 
nection  by  means  of  two  meters  between  the  lumbar  * 
nerves,  and  the  exterior  muscles  denuded  of  the 
skin,  as  shown  in  fig.  613,  where  rods  of  copper  and 
zinc,  being  thus  held,  convulse  the  leg  into  the 
position  shown  by  the  dotted  line.    But  contact  of 
metals  with  the  animal  tissues  he  found  not  to  be 
essential  to  produce  these  convulsions,  since  they  occur  also  by  contact 
of  the  exterior  mnoous  with  the  interior  nervous  surface. 
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To  repeat  OalTMira  ezperiment,  strip  the  skin  from  the  legs  of  a  vigorons 
frog  and  cot  the  animal  in  two,  an  inch  above  the  thighs.  Expose  the  lumhar 
nenres  within  and  on  either  side  of  the  backbone,  by  pushing  aside  the  muscles 
with  the  finger,  so  that  the  point  of  an  arc  of  the  two  metals  may  touch  the 
nerTes ;  then  bring  the  other  metal  rod  into  contact  with  any  portion  of  the 
oater  surface,  and  strong  twitehings  will  be  developed  as  if  the  animal  was 
sdire,  both  on  touching  and  removing  the  rod,  even  some  hours  after  death. 

The  galvanic  fluid. — Galvani  regarded  the  convulsions  of  the  frog 
as  excited  by  a  nervous  or  vital  fluid,  which  passed  from  the  nerves  to 
the  muscles  by  way  of  the  exterior  communication  established  between 
them :  this  fluid,  in  his  view,  existed  in  the  nerves,  it  traversed  the 
metallic  arc,  and  falling  on  the  muscles,  it  contracted  them,  like  the 
electric  discharge. 

Galvani  was  an  anatomist  and  physiologist,  and  not  a  chemist  or  physicist 
He  did  not  work  out  all  the  teachings  of  his  own  discovery,  being  more  inte- 
rested in  demonstrating,  as  he  did,  the  existence  of  a  true  animal  electricity, 
developed  between  the  outer  surface  and  the  nerves.  The  physical  branch  of 
the  sabjeot  he  left  to  others,  and  chiefly  to  Volta,  devoting  the  few  remaining 
years  of  his  life  to  the  study  of  animal  electricity.  Volta's  doctrines  Qalvani 
never  accepted,  and  died  in  1798,  before  the  Voltaic  Pile  was  given  to  the  world. 
In  the  department  of  vital  electricity,  Galvani's  labors  have  been  justly  appre- 
ciated only  in  our  time,  having  been  naturally  eclipsed  in  bis  own  by  the  splendid 
discovery  of  the  Voltaic  Pile,  and  the  crowd  of  wonders  following  in  its  train. 

The  story  usually  found  in  text  books,  of  the  accidental  discovery,  in  1790, 
of  the  new  science  by  the  twitching  of  frogs'  legs,  prepared  for  the  repast  of 
Madam  Galvani,  is  a  fabrication  of  Alibert,  an  Italian  writer  of  no  repute. 
Galvani  had  then  been  for  eleven  years  engaged  upon  a  laborious  series  of 
electro-physiological  experiments,  using  frogs'  legs  a«  elect ro§er ope:  No  great 
truth  was  ever  discovered  by  aecidentf  and  years  of  laborious  research  bad  pre- 
pared the  way  for  this  discovery.  It  is  undoubtedly  true  that  what  we  find  is 
often  more  important  than  what  we  seek,  but  it  is  re§earch  and  not  accident 
which  mokes  the  discovery.  Every  hypothesis  is  good  which  bears  fruit  in  dis- 
covery ;  but  to  accept  the  discovery  and  reject  the  hypothesis  when  no  longer 
fruitful,  requires  all  the  self-denial  of  the  highest  philosophy,  and  is  a  noble 
attribute  of  the  greatest  minds. 

863.  Origin  of  Volta's  discovery. — Contact  theory. — Adopting 
at  the  outset  with  the  greatest  enthusiasm  the  vitalist  hypothesis  of 
Galvani,  Volta  came,  afler  no  long  time,  to  the  conviction  that  the 
electrical  effects  attributed  by  Galvani  to  the  animal  electricity  of  the 
frog,  were  really  due  to  the  contact  of  dissimilar  siibsianceSf  and  that 
the  fregs'  limbs  were  only  the  sensitive  electroscope,  adapted  to  indicate 
the  electrical  current  developed  by  the  two  unlike  metals.  Each  disco- 
verer saw  but  half  the  truth.  Thus  originated  his  celebrated  "  contact 
theory;**  a  view  of  the  source  of  dynamic  electricity,  that  long  held 
almost  universal  sway  over  scientific  opinion  until  gradually  supplanted 
by  the  electro-chemical  theory,  which  refers  these  phenomena  to  chemical 
action. 


670         PHT8I08  OF  lUPONDSRABLB  AGKMT8. 

By  the  use  of  hia  oondenving  eleetromeisr  (846),  Volte  tougtit  to  otteUish  tkt 
eonUict  theory  by  a  great  number  of  well-deTiied  experiments.  Being  Mrand 
of  the  pu8ire  state  of  the  electrometer,  be  estabUahed  eommanieatioii  betven 
the  earth  and  the  upper  plate  by  the  moiitened  flngen,  while  at  the  tame  tuM 
a  bit  of  sine  plate  held  also  in  the  moistened  fingera  of  the  othar  hand  is  plaeed 
in  contact  with  the  lower  plate ;  after  a  single  instant*  oontaei  is  brok«)i,  sai 
on  raising  the  upper  plate,  the  gold  leases  diTeige.  Hffaenee  the  eleetridty? 
Volta  replied,  '*  from  the  contact  of  the  two  unlike  snbstaaoos,"  OToriooking  tiie 
fact  that  there  was  a  chemical  action,  due  to  the  effect  of  the  moist  ilngen  oa 
the  sine.  As  the  plate  touched  by  the  sine  became  positire,  and  the  copper 
negatire,  he  assumed  that  there  was  an  **  tUctromotivt /orc«^  eapable  of  derdop- 
ing  these  electrical  states  in  the  two  metals  as  a  result  of  9impU  cowlacf,  Thii 
experiment  was  repeated  with  conductors  of  erery  sort,  and  always,  when  one 
of  thorn  was  an  alterable  substance,  with  the  same  results.  He  dirided  coadaet- 
ing  bodies  into  two  classes ;  the  first  class,  including  the  metals,  metallic  one, 
and  carbon,  he  calls  eUetromoton ;  the  second  class  contains  liqnids,  saline  sola* 
tions,  animal  tissues,  Ac.  He  found  that  a  double  combination  of  three  elements, 
so  arranged  that  their  order  was  reversed,  neutralised  each  other,  and  prodaeed 
no  spasm  in  the  frog's  legs,  which  he  uniformly  used  as  an  electroscope.  Thi< 
was  in  1796,  four  years  in  advance  of  the  date  usually  assigned  as  that  of  the 
invention  of  the  Voltaic  pile. 

Passing  ovor  the  long  controversy  between  Volta  and  his  ootemporaries,  wo 
come  tu  the  essential  fundamental  fact  of  Volta's  discovery,  vis. :  that  cerfaui 
tnetahf  and  partieularljf  the  oxyditahU  metaUf  ditengage  electricity  and  charge 
the  condeiiaeKf  tchen  placed  in  the  eoHditioH§  jutt  deacrihed. 

This  discovery  immediately  led  to  the  second,  and  by  far  the  most 
celebrated  of  Volta's  discoveries,  viz.,  the  Voltaic  pUe,  or  hcUtery. 

864.  Volta's  pile,  or  the  Voltaic  battery. — £very  form  of  appa- 
ratus deKigned  to  produce  a  current  of  dynamic  electricity  is  called  a 
battery  or  pile.  Volta's  original  apparatus  was,  as  its  name  implies,  a 
pile  of  alternate  silver  and  zinc  disks,  laid  up  as  in  fig.  614,  with  disks 
of  paper  or  cloth  between  them,  moistened  with  brine,  or  acid  water. 
This  arrangement  was  more  commonly  made  with  alternate  disks  of 
copper  (C)  and  zinc  (Z),  care  being  taken  always  to  observe  the  order, 
copper— cloth — zinc.  The  terminal  disks  were  provided  with  ears  for 
the  convenient  attachment  of  wires.  Thus  arranged,  the  following 
characteristic  results  are  observed.  1st.  The  pile  being  insulated  bj 
glass  or  resin,  touch  Z  with  the  plate  of  the  condenser  (covered  with 
silk),  while  the  finger  rests  on  G,  and  then  apply  the  plate  to  the  con- 
denser ;  the  gold  leaves  will  indicate  strong  vitreous  electricity.  2d. 
Reverse  this  order,  touching  0  with  the  plate  while  the  finger  is  on  Z, 
and  a  stronp;  charge  of  resinous  electricity  is  received. 

The  pile  may  be  regarded  as  a  Leyden  jar,  or  electrical  battery,  per- 
petually charged,  and  capable  of  re-charging  itself  as  long  as  the  given 
conditions  are  maintained. 

Th?ie  results  may  be  repeated  an  indefinite  number  of  times,  as  long 
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wm  the  cloths  remain  moist^  and  the  intensity  of  the  action  is  direcUy  as 
the  number  of  plates  in  the  pile. 

Saeh  teaching  couplet  of  copper  and  sine  may  be  soldered  together, 
and  is  then  called  a  couple,  pair,  or  voUaic  elemeni.  Any  two  metals 
of  unlike  properties  may  be  substituted  for  the  614 

mine  and  copper,  with  the  same  results. 

The  end  of  the  pile  which  yields  vitreous 
electricity  is  called  its  posiiive  pole,  and  that 
which  yields  resinous  electricity  is  called  the 
negaHoe  pole ;  a  name  also  applied  to  the  wires 
or  conductors  connecting  the  two  poles. 

Arranged  as  in  fig.  614,  the  pile,  when  its 
poles  are  joined,  gives  a  decided  shock,  similar 
to,  but  less  intense  than,  that  from,  statical 
electricity.  On  breaking  contact  between  the 
poles,  a  brilliant  spark  of  voltaic  electricity  is 
seen ;  and  if  the  wires  end  in  points  of  gold  or 
platinum,  inserted  in  water,  without  mutual 
contact,  a  flow  of  gas  bubbles  from  them,  an- 
nounces the  decomposition  of  the  water.  We 
thus  classify  the  effects  of  the  pile  into  physio- 
logical, physical,  and  chemical  phenomena. 

The  discovery  of  the  pile,  Yolta  announced  in 
March,  1800,  to  Sir  Joseph  Banks,  both  in  the 
form  just  described  and  also  the  crown  of  cups 
( Oouronne  des  lasses),  a  series  of  twenty  glass 
goblets  arranged  in  a  circle,  with  wires  con- 
necting the  -|-  ^^^  —  elements  of  each  cup  to 
the  opposite  of  the  next. 

This  last  is  the  type  of  all  modern  batteries 
with  separate  cells.  He  classified  its  effects,  but  made  no  mention 
of  its  power  of  chemical  decomposition,  a  property  he  had  not  then 
observed.  This  last  power  was  immediately  discovered  by  Nicholson 
and  Carlisle,  in  London,  on  the  2d  of  May,  1800.  Aside  from  Yolta's 
theoretical  notions,  history  will  ever  assign  him  a  high  place  as  a 
philosopher,  and  as  having  by  his  genius  blessed  the  world  by  one  of 
the  greatest  and  most  fruitful  discoveries  in  science. 

Dlstinotion  between  Voltaiam  and  Galvanism. — It  will  be  seen 
that  VoUaism  and  the  VoUaic  pile  are  terms  properly  applied  only  to  the 
tfscoveries  of  Yolta,  and  that  the  term  galvanic  batlery  is  a  misnomer,  Gal- 
Tani  never  having  seen  such  an  instrument.  The  term  Galvanic  Jiuid  is 
justly  applied  to  animal  deetricUy,  which  Galvani  was  the  first  to  discover. 
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865.  Qnantlty  and  intensity. — ^There  is  a  very  marked  differaiee 
between  the  tension  of  the  electricity  from  the  Voltaic  pile,  and  thst  of 
friction.  No  sensation  follows  the  touch  of  either  pole  of  a  Volttie 
battery  singly :  both  poles  most  be  touched  simnltaneoasly  in  order  to 
perceive  the  shock.  The  projectile  force  in  Yoltuo  electricity  is  so 
nearly  null,  that  in  the  most  energetic  and  eztensiye  series  of  cells,  the 
terminal  points  must  be  brought  indefinitely  near,  or  into  actual  ouo- 
tact,  before  any  current  is  established,  unless  in  vacuo.  The  intensitj 
of  the  battery  is  however,  under  some  circumstances,  increased  by  re- 
duplicating the  number  of  couples  of  a  given  size  (see  2  881).  The 
quantity  of  electricity  set  in  motion  in  the  Voltaic  battery  depends  not 
on  the  number  of  the  series,  but  on  the  esEtent  of  ntrfaee  brought  into 
action  in  each  pair,  the  conducting  power  of  the  interposed  liquid,  and 
also  upon  the  external  resistance. 

The  views  formerly  expressed  by  most  aathors  on  the  subject  of  quimtity  aad 
intensity  bare  been  modified  in  importsnt  respeets  by  the  appliefttion  of  tbs 
**  law  of  Ohm  /"  for  a  discussion  of  which  compare  {  881. 

866.  Simple  Voltaic  couple. — ^Whenever  two  unlike  substanoes, 
moistened  by,  or  immersed  in,  an  acid  or  saline  fluid  are  brought  into 
contact,  a  Voltaic  circuit  is  established.  The  earliest  recorded  ob9e^ 
vation  on  this  subject  (SuUer's),  was  the  familiar  experiment  of  a  silver 
and  copper  coin,  or  bit  of  sine,  placed  on  the  opposite  sides  of  the  tongue, 
and  the  edges  brought  together,  when  a  sharp,  prickly  sensation  and 
twinge  is  felt,  and  if  the  eyes  are  closed,  a  mild  flash  of  light  is  also 
seen.  In  this  case,  the  saliva  is  the  saline  fluid,  exciting  a  Voltaic 
current  due  to  its  chemical  effect  on  the  sine  or  copper ;  and  the  nerres 
of  sense  are  the  electroscope.  The  action  depends  on  contact,  and 
ceases,  or  is  renewed,  as  often  as  this  is  broken  or  made. 

In  fig.  615,  we  have  the  simplest  form  of  Voltaic  batterj,  a  slip  of  amalga- 
mated zinc,  Z,  and  another  of  copper,  C,  immersed  in  a  glass  of  water,  acidulated 
by  sulphuric  acid.  When  these  strips  touch  (either  within  or 
without  the  fluid),  an  electrical  current  is  set  up,  passing  from 
the  zinc  to  the  copper  in  the  fluid,  and  from  the  copper  to  the 
zinc  in  the  air,  as  shown  by  the  arrows.  The  polarity  of  the 
ends  in  the  air  is  the  reverse  of  that  in  the  acid,  as  shown  by 
the  signs  plus  and  minus.  This  is  analogous  to  the  decompo- 
sition of  neutral  electricity  in  a  rod  of  glass  or  of  wax.  While 
contact  is  maintained,  either  directly  or  by  conducting  wires, 
evidence  of  chemical  action  is  seen  in  the  constant  flow  of  gas 
bubbles  (hydrogen)  from  the  zinc  to  the  copper,  firom  the  sur- 
face of  which  they  are  given  off.  This  action  ceases  at  any 
moment  when  contact  ceases,  and  if  the  separation  of  the  metals  takes  plaeaia 
the  dark,  a  minute  spark  is  seen  at  the  moment  of  breaking  eontaot  in  the  aS. 

The  direction  of  the  Voltaic  current  depends  entirely  on  the  nptoin 
of  the  chemical  action  producing  it    Thus  if  in  the  arrangement  juit 
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described,  strong  ammonia  water  was  used  in  place  of  the  dilute  acid, 
fldl  the  electrical  relations  of  the  metals  and  the  fluid  would  be  reversed : 
since  the  action  would  then  be  on  the  side  of  the  copper,  and  the  zino 
would  be  relatively  the  electro-negative  metaL 

867.  Eleotro-poeitiTe  and  electro-negative  are  relative  terms, 
designed  to  express  the  mutual  relations  of  two  or  more  elements  in 
reference  to  each  other.  Thus  sine,  being  a  metal  very  easily  acted  on 
by  all  acid  and  many  saline  solutions,  becomes  electro-positive  to  what- 
ever other  element  it  may  be  associated  with,  unless,  as  in  the  last 
eection,  the  other  element  is  acted  on,  and  the  sine  is  not,  when  it 
becomes  electro-negative.  Oxygen  is  an  element  which  acts  upon  every 
other,  and  is  therefore  the  type  of  electro-negative  substances ;  gold, 
platinum,  and  silver,  being  among  the  least  easily  oxydized  metals, 
become  electro-negative  substances  to  all  others  more  easily  acted  on 
than  themselves,  and  therefore  these  are  fit  substances  for  the  negative 
element  of  Voltaic  couples.  In  chemical  works,  tables  will  be  found 
in  which  all  the  elements  are  grouped  in  this  relative  order  of  electro- 
positive and  electro-negative  power. 

868.  Amalgamation. — Commercial  zinc  is  seldom  or  never  pure, 
and  the  foreign  substances  which  it  contains  are  such  as  to  stand  in  an 
electro-negative  relation  to  the  zinc.  A  slip  of  common  rolled  zinc, 
immersed  in  dilute  sulphuric  acid,  is  actively  corroded  with  the  escape 
of  abundance  of  hydrogen,  while  if  a  strip  of  chemically  pure  zinc  was 
naed,  no  action  would  happen.  (De  la  Rive.)  This  action  of  common 
sine  is  called  a  loccd  (tdumt  implying  the  existence  of  as  many  small 
local  Voltaic  circuits  as  there  are  particles  of  foreign  electro-negative 
aobetances  on  its  surface ;  each  of  which  constitutes,  with  the  contigu- 
ons  particles  of  zinc,  a  minute  battery,  and  thus  the  whole  surface  is 
presently  corroded  and  roughened,  and  the  power  of  the  whole  couple 
reduced  just  in  proportion  to  the  extent  of  this  local  action. 

Rub  the  freshly  corroded  surface  of  such  a  piece  of  commercial  zino 
with  a  little  mercury,  when  instantly  it  combines  with  and  brightens 
the  whole  surface,  covering  it  with  a  uniform  coating  of  zinc  amalgam. 
This  perfectly  protects  the  zinc  from  local  action  by  covering  up  the 
electro-negative  points,  and  makes  the  whole  surface  of  one  electrical 
name.  Zinc,  thus  amalgamated^  toaj  be  left  indefinitely  long  in  acid 
water,  without  injury,  and  when  bt'ought  into  contact  with  the  electro- 
negative element  of  a  Voltaic  couple,  it  becomes  a  much  more  energetic 
source  of  electricity  than  before. 

The  discovery  of  this  property  (due  to  Mr.  Kempt)  is  hardly  less 
important  than  the  discovery  of  the  battery,  for  without  it,  sustained 
and  manageable  batteries  are  impossible. 
61 
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II.    BATTIBU8  iriTH  ONB  FLUID, 

869.  Voltaic  batteries  are  ooiwtnioted  for  nee  either  with  om<v 
with  two  fluids. 

The  first  embraoei  the  originftl  orown  of  oapt  (864),  and  all  battaiM  wtthoM 
fluid  and  a  single  cell.  The  batteries  irith  tiro  fluidi  and  two  eclliy  of  whalefw 
name,  inrolre  a  doable  chemioal  deoompoiitioD,  and  are^  haaee,  moffo  eo^li- 
oatod,  bat  also,  generally,  more  eflicioBt;  we  will  eon^der  thaae  aepantaly, 
remarking,  that  the  interest  attached  to  the  first  olasi,  with  a  sin|^  ezetptioi, 
is  now  chiefly  historicaL 

870.  Trough  batteries. — ^The  inoonTenienoe  of  Yolta's  ori^ntl 
form  of  the  pile,  fig.  614,  led  to  pladng  the  eleniMitB  in  a  trough,  as 
seen  in  fig.  616,  called,  from  the  gig 
inventor,  Cruickshank's  trough. 
Each  compound  couple  of  sine 
and  copper  was  cemented  water 
tight  into  a  groove,  all  the  sines 
facing  in  one  direction.  The  filling  of  these  cells  wi^  dilate  acid  wis 
a  tedious  operation,  with  extended  series,  and  as  the  sines  were  not 
amalgamated,  the  best  force  of  the  apparatus  was  spent  before  it  ooald 
be  filled.    Davy  and  Nicholson  greatly  improved  the  trou^  by  attaeh- 
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ing  the  couples  to  a  bar  of  wood 
by  straps,  conm^  as  in  fig.  617, 
and  Dr.  Wollaston  surrounded  each 
sine,  2,  with  the  copper,  on  both 
sides,  thus  doubling  the  effective 
surface.  Thus  arranged,  the  whole 
series  could  be  plunged  at  one 
movement  into  glass  cells,  aa,  or 
into  a  porcelain   trough  divided  '" 

into  cells.  The  famous  battery  of  the  London  Royal  Institation,  (first 
used  in  May  or  June,  1810,)  was  a  series  of  2000  couples  of  this  con- 
struction, arranged  in  200  glass  or  porcelain  troughs,  ten  couples  in 
each  trough,  each  plate  having  an  effective  surface  of  twenty-two  square 
inches.  This  battery  was  placed  in  the  vaults  under  the  Royal  Insti- 
tution, where  its  hydrogen  and  acid  vapors  did  not  annoy  the  experi- 
menter, and  its  power  was  led  up  by  conductors  to  the  laboratory  above. 
The  battery  with  which  Davy  made  his  immortal  discovery  of  the 
metallic  bases  of  the  alkalies  (October,  1807),  contained  250  pairs  of 
plates,  made  in  1803.     [See  Am.  Jour.  Sci.  [2],  XXVIII.,  279.] 

Hare*8  calorimotor  consisted  of  twenty  plates  each,  of  copper  and  va», 
nineteen  inches  square,  and  so  combined  in  a  cubical  box  as  to  form  bat  two 
large  elements  of  fifty  square  feet  each,  or  two  hundred  square  feet  of  attire 
surface  in  both  members,  all  plunged  by  one  movement  in  a  vat  of  aoid. 
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The  deflagratoxB  of  Dr.  Hare,  as  origmally  oonstracted,  were  formed 
of  spirals  of  copper  and  sino,  rolled  with  a  narrow  space  between  tbem,  and  the 
opposing  metals  held  from  contact  by  wooden  strips.  Each  zinc  was  9X6  i°-> 
and  each  copper  14  X  ^  ^*  >  >o  ^^^  every  part  of  the  sine  was  opposed  to  the 
eopper  surfisoe;  eighty  of  these  coils  were  so  arranged  on  bars  of  wood  as  to 
plunge  by  aa  easy  mechanism  into  glass  cylinders  containing  the  acid.  The 
fmeSldtj  of  immersion  and  remoTal  of  these  coils  in  contact  of  tho  acid  liquor, 
■aade  Hare's  deflagrators  as  mnch  superior  to  the  early  trough  batteries  as  the 
lotteries  of  two  fluids  are  superior  to  Hare's.  In  a  very  efiScient  form  of  Hare's 
deflagrator,  the  members  were  connected  in  a  box,  suspended,  to  revolve  on  an 
axle  having  another  box  placed  at  right  angles  to  the  first,  so  that  a  quarter 
revolution  of  the  apparatus  turned  on  or  off  the  exciting  acid  at  pleasure,  with- 
oat  deranging  the  connections,  which  were  established  through  the  axis  of  revo- 
lution. 

A  battery  constructed  for  Prof.  Sillimaa,  in  Boston,  in  1836,  on  the  plan  of 
Wollaston  and  Hare  combined,  contained  nine  hundre<f  couples  of  copper  and  zinc 
(10  X  ^  ^  9*^^)t  exposing  five  hundred  and  six  square  feet  of  available  surface, 
arranged  in  twelve  parallel  series,  capable  of  being  used  consecutively  as  nine 
bnndred  eouples,  or  in  three  series  of  three  hundred  each.  One  plunge  immersed 
the  whole  batteiy,  and  when  this  instrument  was  new,  the  arch  of  flame  between 
its  poles  measured  over  six  inches. 

Mr.  Crosse,  and  also  Mr.  Gassiot,  have  constructed  very  extended  series  of 
trough  batteries  for  physiological  experiments;  the  former  had  twenty-four 
bnndred  pairs  of  plates,  the  cells  well  insulated ;  the  latter  put  up  three  thousand 
Ave  hundred  and  twenty  cylindrical  pairs,  placed  in  cells  of  varnished  glass, 
and  insulated  by  glass  pillars  varnished.  The  batteries  were  excited  by  water 
only.  Except  for  the  purposes  of  low  intensity  and  long-continued  action,  bat- 
teries of  this  description  are  now  no  longer  constructed. 

Tho  want  of  sustained  and  regular  action  in  all  batteries  of  the  original  form, 
hat  led  to  the  contrivance  of  other  and  more  scientific  batteries ;  some  of  the 
most  valuable  of  which  we  will  now  describe. 

871.  8mee*8  battery  is  formed  of  silver  and  amagalmated  zinc,  and 
needs  bat  one  cell  and  one  fluid  to  excite  it.    The  618 

silver  plate,  S,  fig.  618,  is  prepared  by  washing  in 
nitric  acid  to  roaghen  it,  and  then  coating  its  surface 
with  platinum,  thrown  down  on  it  by  a  voltaic  cur- 
rent, in  that  state  of  fine  division,  known  jblb  plati- 1 
nam-black.  This  is  to  prevent  the  adhesion  of  the 
liberated  hydrogen  to  the  polished  silver.  Any  sur-  I 
face  of  polished  metal  retains  a  film  of  gas  with 
singular  obstinacy,  thus  preventing,  in  a  measure, 
the  contact  between  the  fluid  and  the  plate.  The  , 
roughened  surface  produced  from  the  deposit  of  pla-  J 
tinnm-blaok,  entirely  prevents  this.  The  zinc  plates, 
ss,  in  this  battery,  are  well  amalgamated,  and  face  birth^^IIi^r^  of  the 
silver.  The  three  plates  are  held  in  position  by  a  clamp,  b,  at  top, 
while  the  interposition  of  a  bar  of  dry  wood,  «,  prevents  the  passage 
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of  a  current  from  plate  to  plate.  Water  aoidolated  with  one-eereiHh 
its  bulk  of  oil  of  vitriol,  or,  for  less  aotiyity,  with  one-sixteenth,  is  the 
exciting  fluid. 

The  surface  of  the  negative  plate  is  kept  elean  in  daily  ose  bj  occa- 
sional immersion  in  chlorid  of  iron,  which  removes  all  foreign  sabstanees 
deposited  on  it.  For  large  sised  batteries,  the  silver  plates  are  made  by 
electro-casting,  to  secure  entirely  plane  surfaces.     (Mathiot.) 

The  quanUty  of  elaetrieHy  exoHed  im  this  bftttery  i«  very  great,  but  tbe  iatae- 
■ity  is  not  lo  great  aa  in  the  compound  batteries  pieseatly  to  be  described.  Tfaii 
battery  if  nearly  eoastant,  does  not  aet  mtil  the  poles  aie  joiaed,  and,  without 
any  attention,  will  maintain  a  nniform  flow  of  power  for  days  togetber.  A  thiek 
plate  of  lead,  well  silvered,  and  then  coated  with  platlnam-black,  will  answer 
equally  well,  and,  indeed,  better  than  a  thin  plate  of  pure  silver.  This  baUery 
is  recommended  over  every  other  for  the  student,  as  eomprising  the  great  reqvi- 
sites  of  cheapness,  simplicity,  and  constancy.  This  is  the  battery  generally 
employed  in  electro-metallurgy.  Chester  has  patented  aa  improTed  form  of  Uiis 
battery,  much  used  by  the  telegraph  companies.  It  is  the  only  single  fluid  bat  • 
tery  now  nrach  used  in  physical  experiments. 

Mathiot  has  described  the  form  of  Smee's  batteries  used  in  tbe  large  electro- 
typing  operations  of  the  United  States  Coast  Surrey  Office.  See  Am.  Jour. 
Sci.  [2],  XV.,  303.  <I19 

872.  The  sulphate  of  copper  battery  is  designed  to 
uRe  a  solution  of  sulphate  of  copper  in  dilute  sulphuric 
acid,  the  copper  element  being  made  to  contain  the  ex- 
citing fluid.  This  battery,  fig.  G19,  is  used  for  elecUt>- 
magnetic  experiments,  and  although,  it  soon  becomes 
encumbered  with  a  pulp  of  metallic  copper  thrown 
down  on  the  zinc,  its  cheapness  and  constancy  will  always  render  it  a 
valuable  instrument. 

III.     DRY  PILES. 

873.  Dry  piles  of  Zamboni  and  DeLnc. — These  piles  are  con- 
structed of  disks  of  metaUic  paper,  as  of  copper  and  zinc  (called  gold 
and  silver  papers),  placed  back  to  back,  and  alternating,  as  in  the  pile 
of  Yolta,  fig.  614,  all  the  coppers  facing  in  one  direction.  Some- 
times zinc  paper  gilded  on  one  side;  or  zinc  paper  smeared  with 
black  oxyd  of  manganese  and  honey  on  the  other  side,  is  used, 
and  with  more  marked  effects.  Some  hundreds,  and  even  thousands 
of  these  disks,  as  large  as  a  quarter  dollar,  are  crowded  into  a  glass 
tube,  just  large  enough  to  receive  them,  varnished  within  and  without 
Screw  caps  of  metal  compress  and  retain  the  disks,  forming  at  the  same 
time  metallic  connections  with  the  outer  pairs  to  propi^te  the  electri- 
cal effect.    A  feeble  current  is  thus  set  up,  which  may  last  for  years; 
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but,  if  the  paper  has  been  artifioiallj  dried,  60  as  to  {r<)e  it 
absorbed  moisture,  no  carrent  exists. 

Zamboni  (1812),  and  DeLuo  (1810),  who  first  oonstmcted  piles 
of  this  sort,  arranged  them  in  pairs  to  ring  bells  bj  the  vibra- 
lion  of  a  small  electrio  pendnlnm  (fig.  598),  alternately  attracted 
and  repelled  between  the  oolomns,  which  are  in  the  condition  of 
a  perpetaally-eharged  Leyden  jar  of  low  tension.  A  set  of  these 
balls  rang  in  Yale  College  laboratory  for  six  or  eight  years 
unceasingly. 

Bohnenberger'a  electroscope  is  oonstmoted  on  this 
principle.  B  and  C,  fig.  020,  are  the  poles  of  two  dry  piles,  be- 
tween which  hangs  a  single  gold  leaf,  ending  in  the  knob,  D. 
When  any  feebly  electrio  body  is  approached  to  D,  the  gold  leaf 
at  ones  daolares  its  electrical  name,  by  being  attracted  to  its 
opposite.    This  is  nndonbtedly  one  of  the  most  delicate  electroscopes 

ly.    BATTXRIK8  WITH  TWO  FLUIDS. 

874.  Daniell's  constant  battery. — ^This  truly  philosophical  instru- 
ment was  invented  in  1836 ;  up  to  which  time  the  improvements  in  the 
original  Voltaic  pile  had  been  only  mechanical.  Prof.  J.  F.  Daniel], 
of  London,  first  discovered  and  applied  an  effectual  means  of  preserving 
the  power  and  continuing  the  action  of  the  apparatus  for  a  length  of 
time.  All  other  batteries  with  two  fluids  are  only  modifications  of  his 
ori^nal  instrument.  621 

It  eonsists  of  an  exterior  circular  cell  of  copper,  C,  fig.  621, 
which  serves  both  as  a  containing  vessel  and  as  a  negative  ele- 
Boot  I  a  porous  cylindrical  cup  of  earthenware,  P  (or  the  gullet 
of  an  ox  tied  into  a  bag),  is  placed  within  the  copper  cell,  and  a 
solid  cylinder  of  amalgamated  sine,  Z,  within  the  porous  cup. 
The  outer  cell,  C,  is  charged  by  a  mixture  of  eight  parts  of  water 
and  one  of  oil  of  vitriol,  saturated  with  blue  Titriol  (sulphate  of 
copper).    Some  of  the  solid  sulphate  is  also  suspended  on  a  per-  I 
forated  shelf,  or  in  a  gauze  bag,  to  keep  up  the  saturation.    The 
inner  cell  is  filled  with  the  same  acid  water,  but  without  the  cop-  { 
per  salt   For  the  most  constant  results,  he  used  a  saturated  solu- 
tion of  blue  vitriol,  made  slightly  acid  for  the  outer  cell,  and  for  I 
the  sine,  twenty  parts  water  to  one  of  sulphuric  acid.     Eight  or  | 
ten  hours  is  about  the  limit  of  its  constancy.     Any  number  of 
cells  so  arranged  are  easily  connected  together  by  binding  screws,  I 
the  C  of  one  pair  to  the  Z  of  the  next,  and  so  on. 

The  hydrogen  from  the  decomposed  water  in  this  instrument  is  not 
^ven  off  in  bubbles  on  the  copper  side,  as  it  is  in  all  forms  of  the 
aimple  circuit  of  zinc  and  copper ;  but  the  sulphate  of  copper  there 
present  is  decomposed  in  the  circuit,  atom  for  atom,  with  Uie  decom- 
posed water,  and  the  hydrogen  takes  the  atom  of  oxyd  of  copper, 
appropriating  its  oxygen  to  form  water  again,  while  metallic  copper  is 
deposited  on  the  outer  cell.  If  the  sine  is  well  amalgamated,  no  action 
61* 
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of  any  sort  results  in  this  battery  until  the  polee  are  joined,  and  it  giTet 
off  no  fumes.  Ten  or  twelve  such  cells  form  a  Tery  active,  oonstsat, 
and  eoonomical  battery,  and  twenty  or  thirty  are  ain{4e  for  most  uses. 
Hot  solutions  increase  its  power,  while  the  extent  of  sine  snrfiioe,  and 
not  the  diameter  of  the  copper,  limits  the  amount  of  eleetrical  effsct 

875.  Orove^a  nitrio  acid  battery. — ^Blr.  Grore,  of  London,  has 
successfully  applied  the  principle  of  Daniell's  battery^  to  produce  the 
most  powerful  and  intense  sustaining  battery 
known.  The  fluids  used  are  strong  nitric  acid 
and  dilute  sulphuric  acid,  kept  apart  by  a 
porous  jar.  The  metals  are  amal- 
gamated sine,  placed  in  the  sul- 
phuric add  of  the  outer  vessel, 
and  platinum  in  the  porous  vessel : 
fig.  623  shows  this  arrangement 
complete,  while  the  platinum  ele- 
ment, P,  is  seen  isolated  in  fig.  622.  p  I 
The  cover,  e,  upon  the  vase,  Y,  fig. 
623,  tends  to  keep  down  the  strong 
vapors  of  nitrous  acid  evolved 
when  the  battery  is  in  action. 
The  balding  screws,  a  6,  serve  to 
unite  the  elements  of  separate  pairs.  The  sine  here  surrounds  the 
platinum,  because  both  that  metal  and  the  nitric  acid  are  to  be  econo- 
mized as  much  as  possible,  being  the  costly  parts  of  the  arrangement 
From  six  to  ten  parts  of  water  are  used  in  A,  to  one  of  acid- 

The  action  of  this  battery  is  intense  and  splendid.  The  hydrogen  is 
immediately  engaged  by  the  nitric  acid,  which  it  decomposes  very 
readily.  There  is  therefore  a  double  chemical  action,  and  an  increased 
flow  of  electricity,  since  no  part  of  the  power  is  lost  in  combination. 
The  fumes  of  nitroub  acid  are  partly  absorbed  by  the  nitric  acid, 
turning  it  at  last  intensely  green ;  but  enough  are  evolved  to  render  it 
important  to  set  the  apparatus  in  a  clear  space,  or  good  draught  Tour 
cells,  with  platinum  three  inches  long  by  half  inch  wide,  decompose 
water  rapidly ;  and  twenty  such  cells  form  a  battery  giving  intense 
effects  of  light. 

Platinam,  in  the  nitrio  acid  battery,  is  estimated  as  sixteen  or  eighteen  timet 
more  poworfal  than  copper  in  Daniell's  batteiy  ,*  that  iB>  six  square  incbei  of 
platinum  is  as  efficacious  as  one  hundred  square  inches  of  copper ;  and  Peschel 
found  that  three  hundred  and  forty  times  ^s  much  surface  of  copper  was  needed 
in  a  spiral  battery  on  Hare's  construction,  as  of  platinum  in  Grove's,  to  infue 
equal  eifocts. 

A  Grove's  battery,  constructed  >y  Jacobi,  sf  St.  Petersbnrgh,  eontalai  sixty- 
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four  pUtinom  platM,  eaeh  thirty-siz  square  inches  surface,  or  combined,  sixteen 
aqnare  feei.  This  would  he,  by  comparison,  equal  to  a  DanieU's  battery  of  two 
hundred  and  sizty-six  square  feet,  or  a  Hare's  battery  of  about  five  Uiousand 
fire  hundred  square  feet  Orore's  battery  is  rather  costly,  and  very  trouble- 
some to  manage,  as  are  all  batteries  with  double  cells  and  porous  cups,  although 
the  trouble  involved  in  their  use  is  not  to  he  compared  with  the  vexation  involved 
in  the  earlier  single  fluid  batteries. 

S76.  Carbon  battery. — ^Tbe  great  cost  of  large  members  and  oxten- 
aive  series  of  Grove's  platinum  battery,  led 
Prof.  Bansen,  of  Marburg,  to  use  the  carbon 
of  gas  coke  as  a  substitute  for  the  platinum. 
Prof.  Silliman,  Jr.,  in  1842,  described  a 
battery  (see  Am.  Jour.  Sci.  [1],  XLIII., 
393,  and  XLIY.,  180),  in  which  natural 
plumbago  was  used  in  place  of  the  plati- 
num of  GiOTe's  arrangement  This  was 
before  Bunsen's  apparatus  was  known  of 
in  this  country. 

Fig.  634  shows  the  original  form  of  Bunsen's 
eells.  Where  the  carbon,  C,  is  contained  in  an 
exterior  vase,  Y,  of  nitric  acid,  the  amalgamated 
line  is  in  a  porous  cup,  P,  of  dilute  sulphuric 
acid.  The  objection  to  this  arrangement  is  the 
large  consumption  of  nitric  acid  and  smallness 
of  the  sine.  In  the  Author's  plan,  afterwards  adopted  essentially  by  M.  Deleuil, 
the  carbon  was  in  the  porous  cup,  surrounded  by  the  sine.  In  fig.  625,  this 
625  626 
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amngement  Is  shown  in  detail  P,  Is  the  pile  complete.  F,  is  the  jar  of  hard 
pottery  to  contain  the  sine,  Z,  and  the  dilute  sulphuric  acid ;  V  is  the  porous 
vase,  to  contain  the  carbon,  C,  with  its  nitric  acid.  The  attachment  of  a  con- 
ductor to  the  carbon  is  accomplished  by  a  conical  bole  in  the  centre,  into  which 
a  plug  of  hammered  copper  is  crowded  with  a  wrenching  motion.  If  prisms  of 
the  hard  carbon  of  the  gas  retorts  are  used  (and  this  kind  of  carbon  is  unques- 
tionably the  best),  a  copper  band  is  attached  to  the  top  by  electro-galvanic  sol- 
dering. The  carbon  of  Bunsen's  cells  is  prepared  by  pulverizing,  and  baking 
in  moulds,  the  coke  of  bituminous  coal.  Fig.  626  shows  a  series  of  ten  cups  of 
the  carbon  battery  arranged  for  use,  the  alternate  members  being  joined  by 
binding  screws,  as  made  by  Deleuil,  of  Paris,  each  sine  being  twenty-two  centi- 
metres (eight  and  three-quarter  inches)  high.  As  the  electro-motive  energy  of 
the  battmy  depends  on  sise  as  well  as  number,  these  large  members  have  great 
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adTanUges.  The  Author  demonitrmted,  in  1842  (loe.  ciL),  that  oarboa  wu 
nearly  if  not  quite  as  good  as  platinum,  lurfaee  for  lurfiMa.  A  battery  of  ffly 
oells,  like  fig.  626,  ooeti  fifly-ilTe  dollara  in  Paria,  and,  with  such  a  series,  all  the 
most  splendid  effects  of  the  eleotrio  light,  deflagrations,  and  ehemieal  deooBpe- 
sitions  can  be  veiy  satisfactorily  shown. 

877.  Other  forms  of  Voltaio  batteiy  exist  in  great  Tsrietj,  bat 
ioTolving  no  priDciple  not  alreadj  explained.  Some  hare  special  adap- 
tation to  a  particular  use,  like  Chester's  form  of  Smee's  battery  for 
telegraphic  use ;  Farmer's  copper  battery ;  the  battery  of  Bagration, 
of  sine  and  copper  in  moist  earth ;  or  Orove's  oxygen  and  hydrogen 
gas  battery,  so  instruotive  theoretically.  But  further  descriptions  are 
excluded  by  want  of  space. 

y.     POLABITT,  RETARDING  POWXR,  AND  NOMXNCLATURB  OF  THX  TOLTAIC 

PILB. 

878.  Polarity  of  the  oomponnd  oironit. — In  batteries  of  two  or 
more  couples,  connection  is  formed,  not  as  in  the  single  couple,  between 
members  of  the  same  cell,  but  between  those  of  different  names  in  con- 
tiguous cells,  as  in  fig.  627,  where  the  copper  of  1  joins  the  sine  of  2, 
and  so  on.  The  current  flows  from  the  sine  to  the  copper  in  the  fluid, 
but  from  the  copper  to  the  sine  in  the  air  (fig.  628),  both  in  simple  and 
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compound  circuits.  This  is  important  to  be  remembered,  since  the 
sine  is  called  the  electro-positive  element  of  the  series,  although  out  uf 
the  fluid  it  is  negative.  Consequently,  in  voltaic  decompositions,  the 
element  which  goes  to  the  sine  pole  b  called  the  eleetrthponiive,  and, 
for  the  same  reason,  that  which  goes  to  the  copper,  is  the  dedro-negor 
live  element.  The  terminal  plates,  Z  and  C,  in  1  and  5,  fig.  62f ,  are 
not    concerned    in    the    electrical  629 

effect,  being  in  fact  only  conduc- 
tors of  the  electricity,  and  hence 
they  may  be  removed  as  in  fig. 
628,  without  altering  the  power  or 
nature  of  the  battery.  They  serve, 
in  fact,  merely  as  a  convenient  mode 
of  join'ng  the  poles,  as  in  fig.  629.  The  apparent  polarity  of  the  simplt 
circuit  is,  therefore,  the  reverse  of  that  of  the  compound  oiiouit;  ba^ 
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an  Attentive  observation  of  these  explanations,  and  of  the  figures,  will 
prevent  all  oonfasion  on  this  point. 

879.  Qronping  the  elements  of  a  pile,  in  various  numerical  rela- 
tions, is  an  important  means  of  modifying  its  power,  and  the  character 
of  its  effects,  already  explained. 

Take,  for  example,  six  caps,  u  in  fig.  630,  arranged  in  oonfeoative  order,  and 
we  hare,  owing  to  the  resistance  to  the  elec- 
Irie  flow,  the  maximum  intense  eflfects  pos- 
■ible  with  snch  number.  Changed  to  two  , 
groups  of  three  each,  the  quantity  is  doubled, 
with  half  of  the  intensitj,  fig.  631.  In  fig. 
632,  are  three  groups  of  two  cups  each,  so 
arranged  as  to  present  three  times  the  sur- 
&ee  in  630,  with  a  proportionate  loss  of  in- 
taositj.  Lastiy,  in  fig.  633,  each  xino^  and 
each  copper,  joins  one  common  conductor, 
each  on  its  own  side,  throwing  the  six 
eonples  into  one  surface  of  six-fold  extent 
to  fig.  630.  The  arrangement  may  be  ex- 
pressed, assuming  the  resistance  of  a  single 
cap  as  unity,  thus :  1.  }  =  1*5.  }  sa  0-666. 
^  c=t  0-166,  and  so  for  any  number  of  couples. 

880.  Blectrical  retarding  power 
of  the  battery. — Ohm'a  law. — A  cer- 
tain resistance  to  the  passage  of  a  voltaic  current  is  offered  by 
every  additional  element  placed  in  the  circuit  as  well  as  by  increased 
length  of  conductor.  The  new  properties  thus  acquired  by  the  com- 
pound circuit  have  been  already  alluded  to  (865). 

Ohm,  of  Berlin,  in  1827,  first  demonstrated  mathematically  the  law 
regulating  the  flow  of  electricity  in  the  compound  battery.  As  the  ap- 
paratus is  composed  solely  of  conductors  of  different  retarding  power, 
the  electric  current  must  proceed,  not  only  along  the  connecting  wire, 
from  pole  to  pole,  hut  also  through  the  whole  apparatus ;  the  resistance 
offered  to  the  passage  of  the  current  consists  therefore  of  two  parts,  one 
exterior  to,  and  one  within,  the  apparatus. 

Let'^he  ring,  a  be,  in  fig.  634,  represent  a  homogeneous  conductor,  and  let  a 
•ooree  of  electricity  exist  at  A.  From  this  source  the  electricity  will  di£fuie 
itself  over  both  halves  of  the  ring,  the  positive  passing  in  the  634 

direction  a,  the  negative  in  b,  and  both  fluids  meeting  at  c.    Now  ^ 

It  follows,  if  the  ring  is  homogeneous,  that  equal  quantities  of 
eleetrioity  pass  through  all  sections  of  the  ring  in  the  same  time. 
Asaiiming  that  the  passage  of  the  fluid  from  one  cross  section  of 
the  ring  m  another,  is  due  to  the  difference  of  electrical  tension  at 
thaae  points,  anl  that  the  quantity  which  passes  is  proportional 
to  this  difference  of  tension,  the  consequence  is,  that  the  two  fluids 
proceeding  ttom  A,  must  decrease  in  tension  the  farther  they  recede  fVom  the 
starting  point. 

This  decreasing  tension  may  be  represented  by  a  diagram.    Snppese  the  ring 
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in  Ag.  6S5,  to  be  stretched  out  to  the  line  A  A'.  Let  the  ordiuftte  A  B  Te|  remit  thi 
tension  of  positive  electricity  at  A,  and  A'  B'  the  iieg»-  6S( 

tire  tension  at  A',  then  the  line  B  B'  will  ezpreee  the 
tension  for  all  parti  of  the  cironit  by  the  Tarying  lengthi 
ot  the  ordinates  A  B,  A'B%  at  erery  point  of  A  e  or  e  A'. 

E 
Hence  Ohm's  formula  JF*  =b  •-,  where  JF'reprMenti  utm 

Ji 

Strength  of  the  current^  E  the  eleotro-motlTe  fbree  of 
the  battery,  or  the  attraction  of  sine  for  oxygen,  and  B 
the  resistance.  Therefore,  the  greater  the  length  of  the  eircnit,  the  less  will  be 
the  amount  of  electricity  which  passes  through  any  cross  Motion  in  a  giren  time. 
In  exact  terms,  this  law  states  that  tAe  §irtmgth  of  the  eurremt  it  incerttiy  propor- 
tional to  tho  reti§tane€  of  the  circuit,  amd  directly  om  the  etactro-motipc/ortc 

In  the  simplest  Voltaie  current^  we  hare  not  a  homogeneowi  eondnetor, 
but  sereral  of  various  powers.  To  illustrate  this,  let  the  oondnetor,  A  A',  fig. 
686,  oonsist  of  two  portions  hating  diffoient  eross  i 
tions.  For  example,  let  the  cross  seetion  A  <i  be  i 
times  that  of  dA*;  then,  if  equal  qnantitlee  pass 
through  all  sections  in  equal  times,  and  if  through  \ 
giren  length  of  the  thicker  wire  no  more  fluid  passes 
than  through  the  thinner  wire,  the  diflerenoe  of  tension 
at  both  ends  of  this  unit  of  length  of  the  thicker  wire 

must  be  only  -th  of  what  it  is  in  the  latter.    Thus,  "  the  electric  faU,"  as  Ohm 

calls  it,  wiU  be  less  in  the  case  of  the  thick  wire  than  of  the  thinner,  as  shown 
by  the  line  B  c  in  the  figure.  The  result  is  expressed  in  the  law  that  the  **  eUctrie 
faW*  it  directly  <u  the  tpecific  retittancec  of  the  conductort,  and  inverctljf  <u  their 
crott  eectione.  Hence,  the  greater  the  resistance  offered  by  the  conductor,  the 
greater  the  fall.  The  rery  simplest  circuit  must  therefore  present  a  series  of 
gradients  expressire  of  the  tension  of  its  rarious  points — ^aa  one  for  the  con- 
necting wire,  one  for  the  sine,  one  for  the  fluid,  and  one  for  tho  copper.  The 
electro-motive  force  of  a  voltaic  couple  ("  E"  of  Ohm's  formula)  may  be  experi- 
mentally determined,  and  is  proportional  to  the  electric  tension  at  the  ends  of 
the  nowly  broken  circuit 

881.  FormulcD  of  electric  piles. — It  follows,  from  what  bos  been 
stated,  that  the  intensity,  i,  of  a  current,  united  bj  a  bomo|(enooas 
wire  whose  length  is  L,  may  be  renresented  by  the  formula 

in  which  r  designates  a  length  of  wire  representing  the  resistance  of 

the  pile  or  its  reduced  length,  and  E  the  electro-motive  force  measured 

by  the  tension  at  the  poles  when  the  circuit  is  broken. 

If  the  resistance  of  the  pile  is  nothing,  or  an  insensible  quantity,  ss 

in  the  case  of  a  thermo-electric  couple  of  great  surface,  the  formok 

E 
becomes  /=»  y.    That  is,  the  intensity  of  the  current  is  in  the  inTsrsa 

atio  of  tho  length  of  the  homogeneous  wire  joining  the  polet  of  tbs 
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battery.  If,  however;  the  pile  itself  offers  sensible  resistance,  as  is  the 
case  with  hydro-electric  piles  composed  of  many  couples,  the  formula 
shows  that  the  intensUy  of  the  curreiU  is  in  the  inverse  ratio  of  the  length 
of  the  connecting  tffire  increased  by  a  constant  quanHty,  r,  which  repre- 
sents the  resistance  of  the  pile  itself. 

In  the  case  of  many  different  sources  of  resistance,  interposed  in  the 
circuit  of  the  connecting  wire,  L  represents  the  sum  of  the  reduced 
lengths  equivalent  to  these  resistances. 

Intensity  gtvBn  by  many  oonplea. — ^In  the  formula,  /=  -=-; — , 

Jj-f-r 

let  JET  be  the  electro-motiYe  force,  and  r  the  resistance  of  a  single  couple, 

It  and  r  being  always  reckoned  as  lengths  of  the  same  kind  of  wire 

taken  as  a  standard  of  comparison;  we  may  then  consider  many 

couples  united  one  to  another  in  a  series  as  shown  in  fig.  630.    Ohm 

considers  that  each  couple  produces  an  electric  current  which  traverses 

the  pile  as  if  that  couple  was  alone,  so  that  the  electro-motive  force  of 

the  series,  or  the  tension  at  the  poles  which  measures  it, will  be  the  sum 

of  the  electro-motive  forces,  E  -{•  E^  -{•  W^  -f  . . .,  of  all  the  couples 

in  the  series.  In  the  same  manner  the  current,  produced  by  each  couple 

traversing  all  the  others,  meets  with  a  resistance  equal  to  the  sum, 

r  4-  r'  +  »^^  +  •  •>  of  the  resistances  of  all  the  couples ;  hence, 

^~X  +  r  +  r'  +  r^^+..." 

If  the  couples  are  all  equal  to  each  other,  and  r.  represents  their  num- 

nE 
ber,  the  formula  becomes  1  =  -^r-r- — .    This  shows  that  the  intensity 

of  the  current,  from  a  series  arranged  one  by  one,  is  proportional  to 
the  sum  of  the  electro-motive  forces  of  all  the  couples,  and  inversely  as 
the  total  resistance  of  the  circuit  including  the  pile  itself. 

If  we  designate  by  c,  2,  s  the  conductibility,  the  length,  and  the  section 
of  a  wire ;  and  by  </,  V,  s^  the  same  quantities  for  a  second  wire,  it 
follows  from  the  principles  already  established,  and  from  the  fact  that 
the  resistance  of  a  wire  is  in  the  inverse  ratio  of  its  conducting  power, 
that  two  wiree  will  produce  equal  diminution  of  the  intensity  of  the 
Mune  electric  current  when : — 

^  =  ;^.  or,  i.'C  =  eV.  or,  J  -  r  ^ 

The  third  equation  expresses  the  length  of  a  wire  whose  section  is  », 
and  conductibility  c,  that  will  produce  the  same  effect  upon  the  current 
as  another,  wire  whose  length  is  V^  section  sf^  and  conductibility  c^. 
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Thia  Talae  of  I  ii  called  the  reduced  length  of  the  first  wire  is  ooBh 
|>ared  with  the  seoond. 

If  we  have  a  series  of  wires  united  together  bj  ^bmr  ends  as  a 
oompound  eonductor,  the  eqiUTalent  length  of  the  first  wire  will  be 
expressed  by  the  formula: — 

Bffeot  of  increasing  the  number  of  oonplaa  in  a  battery.— 
The  consideration  of  the  formulsd  given  above  shows  that, 

1.  The  intensity  of  the  current  increases  with  the  number  of  couples. 

E 
Dividing  both  terms  of  the  fraction  by  n,  it  becomes  /«»  j^        ,  this 

-  +  »• 
ft 

shows  that  the  value  of  /  increases  with  increase  of  n,  or  the  number 

of  couples. 

2.  The  increased  intensity  of  the  current,  by  increasing  the  number 
of  couples,  is  more  evident  when  L  is  great  in  comparison  with  r,  or 
when  the  external  resistance  to  be  overcome  is  much  greater  than  the 

resistance  of  the  battery.    If  on  the  contrary  L  is  very  small,  ~  is  also 

n 

very  small,  and  the  intensity  of  the  current  changes  but  very  little  with 

any  increase  of  the  number  of  couples. 

3.  If  there  is  no  exterior  resistance,  or,  X  =  0,  7  =  —  =  — .    In 

nr        r 

this  case  the  intensity  is  not  varied  by  varying  the  number  of  couples, 
or  one  couple  gives  as  great  intensity  as  any  number  of  couples. 

4.  The  intensity  is  not  increased  by  increasing  the  number  of  couples 
when  each  couple  added  is  accompanied  by  an  exterior  resistance  equal 
to  L ;  or,  in  other  words,  when  the  exterior  resistance  increases  in  t^e 
same  ratio  as  the  number  of  couples,  since  on  that  supposition  the 

nE  E 

formula  becomes  /=  — r— . =»  -=— ; — . 

nL  -\-  nr       L  -^  r 

5.  If  the  exterior  resistance,  £,  is  very  great,  /is  very  small,  unless 
n  is  made  very  great.  *  This  shows  that  it  is  necessary  to  employ  a 
great  number  of  couples  when  a  great  amount  of  resistance  is  to  be 
overcome,  as  in  the  voltaic  arch,  and  in  the  electrolysis  of  bodies  that 
are  imperfect  conductors,  or  in  sending  an  impulse  through  a  long 
tele«;raphic  circuit. 

Effect  of  enlarging  the  plates  of  a  battery. — If,  instead  of 
uniting  many  couples  in  a  series,  we  unite  a  number  of  couples,  si,  by 
poles  of  the  same  name  ao  in  fig.  633,  it  will  be  equivalent  to  enlaifung 
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the  dimensions  of  the  plates  of  a  single  couple,  the  resistance  of  the 

r                                                        E 
battery  will  be  — ,  and  the  formula  becomes  /  = .    We  thus  see 

m 
that  if  X,  the  exterior  resistance,  is  yery  great  in  proportion  to  r,  the 
resistance  of  the  battery,  the  intensity  will  be  but  little  increased  by 
aniting  the  couples  by  poles  of  the  same  name.  If  L  is  very  small  in  pro- 
portion to  r,  the  intensity  will  be  much  increased  by  this  method,  and  if  L 
is  so  small  that  it  may  be  neglected,  the  intensity  will  be  proportionAl  to 
the  extent  of  surface  acting  as  a  single  couple.  We  know  indeed  that, 
when  chemical  action  is  exerted  over  a  large  surface,  the  quantity  of 
electricity  which  trayerses  the  connecting  wire  is  also  very  great. 

Zflbet  of  enlarging  the  couples  and  increasing  their  number.^ 
If   the  number  and  dimensions  of   the  couples  are  both  increased   at 

nE               'E 
the  same  time,  the  formula  becomes  /  =    =   z .    This 

£+-=r    ^  +  1 

m         n       m 
ahows  that  increasing  the  number  of  couples  produces  the  same  effect 
as  diminishing  in  the  same  proportion  the  resistance  of  the  exterior 
circuit,  and  increasing  the  surface  of  each  couple  has  the  same  effect  as 
diminishing  the  resistance  of  the  pile.    Hence : — 

If  X,  the  resistance  of  the  exterior  circuit,  is  great,  it  will  he  most 
advantageous  to  unite  many  couples  in  a  single  series :  But  if  the  resist- 
ance of  the  exterior  circuit  is  smaU,  greater  advantage  may  be  obtained  by 
uniting  the  couples  by  poles  of  the  same  name,  in  such  a  manner  as  to 
form  couples  of  large  extent  of  surface. 

A  most  interesting  application  of  these  principles  to  the  practical 
construction  and  use  of  batteries  will  be  found  in  a  paper  by  Mr.  G. 
Mathiot,  Electrotypist  of  the  United  States  Coast  Survey.  (Am.  Jour. 
Sck  [2]  XV.  305.) 

882.  Faraday**  nomenolatnre. — Faraday  has  introduced  certain 
terms  into  the  language  of  electrical  science,  which  are  generally  adopted 
for  their  convenience,  and  their  absence  of  assumed  or  theoretical  notions. 

Electrode  is  used  in  place  of  pole,  to  which  latter  term,  meaning  the 
terminal  wires  of  a  battery,  Davy  and  others  seemed  to  attach  a  sense 
as  if  it  possessed  a  certain  attractive  force,  like  the  pole  of  a  magnet. — 
Electrode  (from  ^XexTpuv,  and  6doq,  a  way),  means  simply  the  way  or 
door  by  which  a  Voltaic  current  enters  or  leaves  a  substance. 

Anode  is  that  surface  of  a  body  receiving  the  current,  or  the  positive 
side  of  the  series,  from  ava,  upwards  (as  the  sun  rises),  and  J^o^,  a  way. 

Cathode  is  that  surface  of  a  body  from  which  a  current  flows  out 
^owards  the  negative  side  of  the  series,  from  xard,  downwards,  as  the  sun 
62 
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sets,  and  6do<:,  a  way).  The  obseryer  is  mppofled  to  face  the  iKuth,  wiA 
the  positive  of  the  battery  oo  his  right  hand,  and  its  negative  on  his  left 

Electrolyte  is  any  substance  capable  of  separation  into  its  on- 
stituents  by  the  infla^nce  of  a  Voltaic  series  (from  ijXtxTpw,  and  Ibo, 
to  sel  loose;.  JSleetrolysis,  the  act  of  deoompodtion.  Eleetnfyaed,  snd 
eUctrolyzable,  are  obvious  derivatives  from  the  same  words. 

lom  (from  I6vt  neuter  of  c7pie,  to  go),  are  the  elements  into  which  in 
electrolyte  is  resolved  by  the  current  These  are  either  aniom,  ele- 
ments found  at  the  anode,  or  eotoiw,  ions  found  at  the  cathode. 
Hereafter  we  shall  employ  these  terms  when  they  are  appropriate. 

YI.    THB  BmCTS  OP  THB  VOLTAIC  PIUL 

1.  Pkyneal  efeets. 
883.  The  Voltaic  spark  and  aroh.— In  1809,  Davy,  with  the 
extensive  series  of  two  thousand  couples  at  t^e  Royal  Institution,  first 
demonstrated  the  full  splendors  of  the  Voltaic  arch  between  electrodei 
of  well-burned  charcoal.  However  powerful  the  series  may  be,  no 
effect  is  seen,  in  the  air,  until  the  points  of  the  carbon  electrodes  are 
brought  into  actual  contact,  or  at  least  insensibly  near.  Herschel 
noticed  that  an  electrical  spark  from  a  Leyden  637 

jar,  sent  through  the  carbon  points,  when  near  . 
each  other,  established  the  flow  of  the  Voltaic 
current,  by  projection  no  doubt  of  material  particles.    When  the  spark 
passes,  then  the  electrodes  may  be  withdrawn,  as  in  fig.         ^^ 
637,  and  the  arch  of  electric  flame  connects  them  with  a 
white  and  violet  light  of  intolerable  brightness ;  several 
inches  in  length  if  the  pile  is  very  powerful.    This  arch 
of  seeming  flame  is  not  produced  by  the  combustion  of 
the  carbon  electrodes,  since  it  exists,  with  even  greater 
brilliancy,  in  a  vacuum,  or  if(  an  atmosphere  of  nitrogen 
or  carbonic  acid.    Despretz  states  that  in  vacuo  with  a 
powerful  pile,  the  Voltaic  arch  may  be  formed  at  some 
centimetres  distance,  without  contact.    Fig.  638,  shows  a 
convenient  apparatus  for  this  experiment,  in  vtieuo,  or  in 
various  gases,  as  in  Davy's  original  experiments.    The 
Voltaic  arch  is  accompanied  by  a  loud  hissing  or  rushing 
sound,  due  to  the  mechanical  removal  and  transportation 
of  particles  of  carbon  from  the  positive  to  the  negative 
electrode,  by  which  the  former  is  diminished  in  length,  or 
made  cup-shaped,  while  the  latter  is  sensibly  elongated, 
as  first  noticed  and  described  by  Prof.  Silliman,  in  1822  < 
(Am.  Jour.  Sci.  [1]  V.  108),  in  the  use  of  a  powerful  deflagrator  coft* 
stni«*-^  ^-  Dp.  Hare, 
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Tbroagb  colored  glMMf,  these  partiolet  of  earbon  ean  be  oonreniently  obsenred 
apparently  moring  ilowly  from  pole  to  pole,  and  giving  unquestionably  that  oval 
form  to  the  arch,  seen  in  fig.  639,  when  the  electrodes  are  vertical,  and  the  nega- 
tive carbon  is  uppermost.  There  is  also  distinctly  to  be  seen,  a  certain  structure 
in  sones,  or  bands  o'  different  brilliancy.  When  the  image  of  the  carbon  electrodes 
is  projected  on  a  screen,  fig.  640,  as  was  first  done  by  Foucault  with  the  electrie 
lantern,  the  growth  of  the  negative  640  641 

and  the  decrease  of  the  positive  oleo- 
trode  is  easily  observed,  without  in- 
jury to  the  eyes.  The  negative  carbon 
is  seen  to  glow  first*  as        939 
if    the    light   originated 
there,  but  as  the  experi- 
ment advances,  the  posi- 
tive carbon  becomes  the 
most  briliant»  and  main- 
tains this  superiority  du- 
ring the  experiment ;  be- 
ooming  at  the  same  time 
onp-shaped. 

The  Voltaic  arch  is  magnetic,  or  capable  of  influencing  the  magnet,  by  the 
approach  of  which  it  is  deflected,  as  seen  in  fig.  641,  or  it  is  made  to  revolve 
with  a  loud  hissing  noise ;  a  fact  first 
observed  by  Davy,  but  since  carefully 
studied  by  De  la  Rive,  Quet,  and  Des- 
prete.  This  fact  is  far  more  conspicuous 
in  the  arc  from  the  induction  coil,  ^  933. 

8S4.  Regulators  of  the  elec- 
tric light. — Since  the  introdao- 
iion  of  powerful  ooDstant  batteries, 
it  has  been  possible  to  use  the  elec- 
trio  light  for  soientific  and  econo- 
mical purposes.  For  this  purpose 
regulators  have  been  devised  to 
render  the  light  constant,  by  ap- 
proaching the  electrodes  in  pro- 
portion as  they  are  consumed. 

In  flg.  642,  is  shown  that  of  Doleuil, 
of  Paris,  and  iU  detoils,  in  fig.  643.  The 
two  earbon  points,  P  and  N,  are  held 
in  position  by  two  vertical  rods,  of 
which  the  lower  one,  P,  is  moved  up- 
wards by  the  mechanism  in  fig.  643 ; 
while  the  upper  one,  N,  passes  through 
the  ball,  D,  with  fHction.  The  flow  of 
the  eorrent  is  shown  by  the  arrows 
arriving  at  G,  and  departing  at  H. 
The  frame  of  the  apparatus  is  of  cast- 
iron.  The  slightly  concave  mirror,  R,  is  for  certain  purposes  replaced  by  a  large 
parml>olio  mirror.    When  the  sine  electrode  is  connected  nVCh  (^,  «n^  >Xi^  ««x>a^^ 
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with  H,  eommnnieatloii  is  Mt»UislMd  hy  dtprming  H  with  !&•  bni.    Attte 
oarrent  in  iU  oircnit  pauM  throagh  a  ooU  of  wim  lurosiidlBff  tha 
mafnet»  E,  flg.  648,  tlM  toft  iron  armatoii^  «,  <m      MS 
tbo  lerer  A,  ii  drawn  up  to  B»  lo  long  as  tka  «w-. 
rant  flows,  bnt  if  it  is  intomiptod,  tlMn  m  fldl^, 
and  the  lerer  A  Is  drawn  upwards  hy  the  springy 
B,  aotlng  against  the  ftilemm,  L :  the  elfeot  of  ^al 
motion  is  to  raise  the  eketrode*  P»  bj  a  tooth, 
I,   catehing    in 
notches   on  the 
upright^  K.    In 
this    way    ooa- 
neotion  is  again 
established  with 
thebatterj;  and 
when  this  sim- 
ple   meehanism 

is  once  aiynsted,  it  wHI  ael  for  honrs  with  grsal  eertaintj, 
maintaining  the  light  oonstaai. 

Diibaioq*8  photo-atootrio  lantArn  is  teen  in  fig. 
644.  This  instnimeiit  is  used  to  repkoe  the  tan  in 
all  optical  experiments  reqairing  a  strong  white  light. 

The  poles  S  and  I  are  preserred  at  the  same  distance  bj 
the  action  of  an  electro-magnet  in  the  foot  E,  npon  a  soft 
iron  bar  F  F  in  conneetion  with  an  endless  screw  V,  moring  ' 
the  pulleys  P  P',  which  are  connected  by  cords  with  the  poles 
S  and  I.  The  contact  of  S  and  I  induces  magnetism  in  the 
electro-magnet  E,  while  the  springs  R  L  regulate  the  motion 
of  the  machinery.  The  apparatus  Is  simple  and  portable, 
and  its  effect  is  to  make  the  oleotrical  lig^t  so  steady  and 
constant  that  it  may  be  used  for  all  optical  experiments. 
The  positiTC  pole  consumes  much  more  rapidly  than  the 
negatlTc,  both  from  a  more  intense  action  upon  it  and 
because  its  particles  are  carried  over  and  deposited  on  the 
negative  pole,  elongating  the  point  of  the  latter.  To  pro- 
vide for  this  difference,  the  pulley  P'  is  Tariable,  and  carries 
the  pole  I  up  proportionably  faster,  so  that  the  focal  posi- 
tion of  the  light  remains  unchanged. 

885.  PropertieB  of  the  eleotrlo  light.— Like  the  • 
solar  light,  it  is  nnpolarixed.  It  explodes  a  mixture  of  hydrogen  and 
chlorine,  and  acts  on  chloride  of  silver,  and  other  photographic  prepa- 
rations, like  the  sun.  Bodies  made  phosphorescent  by  the  son,  are 
similarly  affected  by  the  electric  light.  In  1842,  Silliman  took  daguer- 
reotypes with  it  (Am.  Jour.  Sci.  [1]  XLIII.  185),  and  it  is  now  uspd  in 
preference  to  solar  lights  for  the  purpose  of  taking  microscopic  photo- 
graphs.   (Duboscq.) 

Fisean  and  Foneaolt^  hare  compared,  by  photometrie  meas«TeB«n«»  the  light 
from  ninety-two  carbon  oonples,  arranged  in  two  series  of  Ibrty-siz  (Vt9),  with 
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the  fola?  leaniy  and  alio  with  the  ozyhydrogon  or  Drammond  light  In  a  clear 
Angu»%  day,  with  the  aun  two  hoars  high,  the  electric  light,  asBuming  the  sun 
ai  unity,  bore  to  it  the  ratio  of  2*59  : 1,  t.  e.,  the  sun  was  twice  and  a  half  more 
powerful :  while  the  Dmmmond  light  was  only  the  one  one  hundred  and  forty- 
■izth  that  of  the  sun.  Bnnsen  foond  the  light  from  forty-eight  elements  of  carbon, 
equal  to  five  hundred  and  seventy-two  candles.  The  intensity  of  the  electric  light 
depends  far  more  on  the  sise  of  the  indiTidaal  members  of  the  pile  than  on  their 
number.  The  effect  from  forty  large  sized  couples  was  found  by  Fizeau  and  Fou- 
eault  to  be  about  the  same  as  that  from  double  the  number,  when  the  eighty 
were  arranged  eonseoutirely,  as  in  flg.  030,  while,  with  the  same  elements  in 
two  parallel  series,  there  was  a  very  great  increase  of  effect  Fraunhofer  showed 
that  the  spectrum  of  the  electric  light  ifas  distinguished  from  that  of  the  sun 
by  a  very  bright  line  in  the  green,  and  a  somewhat  less  luminous  one  in  the 
orange  (461).  Dore  has  lately  shown  (Poggendorff 's  AnnaltUf  1857,  No.  6)  that 
this  light  has  two  distinct  sources :  1st,  the  ignition  or  incandescence  of  the 
translated  particles,  passing  in  the  course  of  the  discharge:  2d,  the  proper 
eleetrie  light  itself.  On  the  contrary,  Draper  has  shown  that  the  .  pectrum  from 
a  glowing  platinum  wire  heated  by  the  battery,  contains  no  dark  lines,  so  that, 
unlike  the  electric  light,  it  is  strictly  white  (Am.  Jour.  Sci.  [2]  VIIL,  340).  It 
is  not  only  particles  of  carbon  which  pass  in  the  Voltaic  arch,  but  of  whatCTcr 
conductor  may  form  the  positive  electrode,  as  platinum,  or  any  metal,  and  the  light 
varies  in  its  optical  properties  with  every  change  of  the  electrode.   ( Wheatstone.) 

886.  Heat  of  the  Voltaio  arch. — Deflagration. — When  the  posi- 
tiTO  electrode  is  fashioned  into  a  small  crucible  of  carbon,        645 
•8  in  fig.  645,  gold,  silver,  platinum,  mercury,  and  other 
aahstances,  are  speedily  fused,  deflagrated,  or  volatilized, 
with  various-colored  lights. 

The  fhsion  of  platinum  (like  wax  in  a  candle)  before  the  Voltaic  | 
arch  is  significant  of  its  intense  heat,  and  still  more,  the  volatiliza- 
tion and  fusion  of  carbon,  a  result  first  announced  by  Prof.  Silliman 
in  1822,  and  since  confirmed  by  Desprets,  who,  by  the  union  of  the 
heat  of  six  hundred  carbon  couples  arranged  in  numerous  parallel  series,  and 
eoBjoined  with  the  jet  of  an  oxyhydrogen  blow-pipe,  and  the  heat  of  the  mid- 
day aun,  focalized  by  a  powerful  burning-glass,  succeeded  in  volatilizing  the 
diamond,  fusing  magnesia  and  silica,  and  softening  anthracite.  The  diamond 
is  alto  loftened,  and  converted  into  a  black  spongy  mass  resembling  coke,  or, 
more  nearly,  the  black  diamond  found  in  the  Brazilian  mines. 

A  delicate  stream  of  mercury  being  allowed  to  flow  from  a  narrow  elongated 
funnel  (the  negative  electrode),  upon  a  surface  of  mercury  in  a  glass  vase  form- 
hig  the  positive  electrode,  is  deflagrated  with  transcendent  splendor.  Many 
jarda  of  number  twenty  platinum  wire,  held  between  the  electrodes,  may  be 
kept  in  the  fhll  glow  of  white  heat  for  a  long  time.  The  teacher  can  devise 
many  pleasing  additional  experiments,  as  drawing  the  arch  beneath*  water,  oil, 
and  other  liquids,  firom  points  of  carbon,  or  from  platinum  and  steel  wires. 

When  a  fine  platinum  wire  is  made  the  positive  eIe<Jtrode,  and  a  solution  of 
chlorid  of  calcium,  or  any  other  metallic  chlorid,  is  made  the  negative  elec> 
trode,  on  touching  the  surface  of  the  liquid  with  the  point  of  the  fine  wire,  if 
the  series  is  powerful  the  wire  is  fused  on  the  surface  of  the  liquid,  evolving  a 
light  of  surpassing  beauty,  whose  color  is  that  appropriate  to  the  metal  in  solu- 
tion ;  «.  ff.,  from  calcium  salts,  violet-red ;  firom  sodium,  yellow ;  from  barium^ 
62» 
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reddiih-yellow;  from  potMiliimy  rioWt;  from  stnmtiiimy  nd,  4«.  Tb«Mben- 
iXM  fseta  wore  flrtt  notiood  by  Dr.  Hsro. 

Dr.  Pmgo  haa  doioribod  a  liDgular  motkn  impwlad  l^  Um  earreat  to  glolwlct 
of  pure  mercury,  plaeed  in  a  shallow  diah,  aad  eovorad  l^  aeidaUud  water:  ibc 
globalea  elongate  to  oToida  and  more  aotfvelj  aboat^  one  end,  that  towarda  tbe 
'\-  pole,  being  olouded  by  eaoaping  gaa-bvbblei.  If  the  mereuy  eontaiu  tiac^ 
the  poiition  of  the  donded  end  ia  rerened.    (Anu  Joar.  8eL  [li  XI,  IM.) 

887.  MeasnzaiiMiit  of  the  hmut  of  thm  VoltBlo  ommnt.— By 

meaoB  of  a  long  wire  ooiled  into  %  okee  spirmi,  and  endoaed  in  a  cab- 
rimeter  of  glass,  containing  water,  Beoqoerel  and  others  have  established 
the  laws  regulating  the  flow  of  heat  in  the  electric  enrrent,  by  its  effect 
in  elevating  the  temperatare  of  the  water.  A  ooil  of  platinum  wire 
contained  in  the  bnlb  of  a  Sanotorio's  thermometer,  becomes  a  means 
of  estimating  the  heat  of  oorrents  too  feeble  to  be  otherwiae  measared. 
The  results  are,  that  ti^en  a  Yoltaio  enrrent  trayersee  a  homogoieoas 
wire,  the  quantity  of  heat  in  a  nnit  of  time  b  proportional : — 

h  Ibihe  refinance  which  (he  wire  oppatet  to  ike  poMwage  of  ike  dec- 
trieUy: 

2.  Ih  iJte  square  of.  ihe  intmnty  of  ihe  currenL  The  intensity  of  a 
current  is  measured  by  the  quantity  of  water  which  it  will  decompose 
in  a  given  time. 

For  a  given  quantity  of  electricitj,  the  elevation  of  temperatare  at 
different  points  on  a  conducting  wire,  is  in  the  inverse  ratio  of  tbe 
fourth  power  of  its  diameter. 

Draper  has  applied  the  coefficient  of  expansion  to  determine  the 
degree  of  heat  corresponding  to  a  particular  color  (585). 

2.  Chemical  efftds  of  Ihe  pHe. 

888.  Hiatorloal. — The  chemical  effects  of  the  pile  are  most  wonderfol, 
and  the  present  advanced  state  of  chemical  science  is  largely  attribu- 
teble  to  the  flood  of  light  shed  by  the  researches  of  Davy  and  Faraday 
upon  the  electrical  relations  of  the  elemente  and  the  decomposition  of 
jompounds  by  the  Voltaic  circuit. 

In  1800,  immediately  after  Volte's  announcement  to  Sir  Joseph  Banks  of  hit 
discoyery  of  the  pile,  Messrs.  Nicholson  andCariisle  constmeted  the  Irrt  pile 
in  England,  consisting  of  thirty -six  half  crowns,  with  as  many  discs  of  sine  and 
pasteboard  soaked  in  salt  water  (864).  Observing  gas-bobbles  arise  when  tbe 
wires  of  this  pile  were  immersed  in  water,  Nicholson  covered  them  with  a  glaa 
tabe  filled  with  water,  and,  on  the  3d  of  May,  1800,  completed  the  splendid  dis- 
coyery, that  tbe  Voltaic  current  bad  the  power  to  decompose  water  and  other 
chemical  compounds.  Stimulated  by  so  fine  a  result,  chemists  and  physicists 
everywhere  repeated  the  experiment,  perfecting  the  methods  of  obtmning  the 
oxygen  and  hydrogen  gases  in  a  separate  condition.  The  chemical  theory  of 
the  pile,  originally  advanced  by  Fabbroni,  a  countryman  of  Volta's,  some  yeats 
before,  was  taken  up  and  ardently  advocated  by  Davy,  who,  in  1801,  had  sae- 
seeded  to  a  place  in  the  laboratory  of  the  Royal  Institation :  whan,  on  the  ttk 
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of  October,  1807,  he  mftde,  by  the  Voltaic  pile,  the  memorable  discoTery  of 
poia«0iuiD,  the  met«lUc  base  of  potassa,  before  regarded  ae  a  simple  sobstttDce; 
aud  0OOO  after  entabliHbed  the  startling  truth,  that  all  the  earths  and  alkalies, 
uniil  then  esteemed  simple  substances — the  whole  crust  of  the  globe,  in  fact — 
were  oxjrds  of  metals,  whose  existence  had  hitherto  been  ansuspccted. 

889.  Slectrolysis  of  water. — Voltameter. — The  Voltaic  decom- 
pusition,  or  electrolysis  of  water,  is  the  6nest  possible  illustration  of 
the  chemical  power  of  the  pile.  Water  is  a  compound  of  oxygen  and 
hydrogen  gases,  in  the  proportions  of  one  measure  of  the  former  to  two 
of  the  latter.  When  two  gold  or  platinum  wires  are  connected  with 
the  opposite  ends  of  the  battery,  and  held  a  short  distance  asunder  io 
a  cup  of  water,  a  train  of  gas-bubbles  will  be  seen  rising  from  eaoK. 
and  escaping  at  the  surface.    If  the  electrodes  are  not  947 

of  gold  or  platinum,  the  oxygen  combines  with  one  of 
them,  and  only  hydrogen  escapes,  as  in  Nicholson's  ori- 
ginal experiment.  With  two  glass  tubes  plaoed  over  the 
platinum  poles,  fig.  646,  we  can  collect  046 

these  bubbles  as  they  rise.  The  gas 
(hydrogen)  given  off  from  the  negative 
electrode  is  twice  the  volume  of  that 
obtained  from  the  positive.  When  the 
tubes  are  of  the  same  size,  this  differ- 
ence becomes  at  once  evident  to  the 
eye.  By  examining  these  gases,  we 
shall  find  them,  respectively,  pure  hy- 
drogen and  oxygen,  in  the  proportion  ^ 
of  two  volumes  of  the  former  to  one  of 
the  latter.  Agreeably  to  principles 
already  explained,  the  oxygen  (electro-negative)  appears  at  the  +  elec- 
trode, and  the  hydrogen  (electro-positive)  appears  at  the  —  electrode. 
The  rapidity  of  the  decomposition  is  greater  when  the  water  is  made  a 
better  conductor,  by  adding  a  few  drops  of  sulphuric  acid ;  and  for 
rapid  electrolysis  the  number  of  couples  in  the  series  should  be  in- 
creased to  overcome,  by  superior  tension,  the  low  con-  648 
ducting  power  and  chemical  affinity  of  the  electro- 
lyte. If  a  single  tube  only  covers  both  electrodes,  as 
in  fig.  647,  the  total  electrical  effect  is  easily  measured 
by  the  gradoation  of  the  tube,  the  quantity  of  gases 
given  off  in  a  unit  of  time  being  directly  as  the  current. 
The  c<mtent8  of  this  tube  will  explode  if  a  lighted  1 
match  is  applied  to  them,  or  if  an  electric  spark  passes 
through  them.    Such  an  instrument  is  a  VoUameUr, 

A  eonvmiient  form  of  this  instmment  is  teen  in  fig.  648,  made  of  a  oommon 
botUe,  filled  with  aeid  water;  the  plannvm  electrodes  past  through  the  cork  and 
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end  io  two  plates  of  platinmn,  while  a  bent  gM  tnbe  of  glass  eoare^  off  the 
Moumolating  gaaes  as  fast  as  they  are  eTolved  by  the  electrolysis. 

890.  Laws  of  electrolysis. — ^From  a  great  number  of  elabonto 
experiments,  the  aoouraoy  of  which  remains  anshaken^  Faraday  has 
dedaced  the  following  general  laws  of  eleotrolysis. 

Ist.  The  quantity  of  any  given  electrolyte,  reeoWed  into  its  constita- 
ents  by  a  current  of  electricity,  depends  solely  on  the  amount  of  elec- 
tricity passing  through  it,  and  is  independent  of  the  form  of  apparatus 
used,  the  sise  or  dimensions  of  the  electrodes,  the  strength  of  the  solu- 
tion, or  any  other  circumstance.  Hence,  the  amount  of  water  decom- 
posed in  a  given  time  in  the  Voltameter,  is  an  exact  measure  of  the 
quantity  of  electricity  set  in  motion. 

2d.  In  every  case  of  electrolysis,  the  elements  are  separated  in 
equivalent  or  atomic  proportions,  and  when  the  same  corrent  passes  in 
succession  through  several  electrolytes  in  the  same  ciroait,  the  whole 
series  of  elements  set  free  are  also  in  atomic  proportions  to  each  other. 
It  follows,  therefore,  that  the  amount  of  electricity  required  to  resolve 
a  chemical  combination,  is  in  constant  proportion  to  the  force  of  chemi- 
cal affinity  by  which  its  elements  are  united. 

3d.  The  ozydation  of  an  atom  of  zinc  in  the  battery,  generates 
exactly  so  much  electricity  as  is  required  to  resolve  an  atom  of  water 
into  its  elements.  Thus,  8*45  grains  of  sine  dissolved  in  the  battery, 
occasions  the  electrolysis  of  2*35  grains  of  water.  But  these  numbers 
are  in  the  ratio  of  32*5  :  9  the  equivalents,  respectively,  of  linc  and  of 
water.  Uence  follow  these  corollaries : — First,  The  aourve  of  VoUaie 
eUctricUy  in  the  pile  is  chemical  action  soldy.  Second,  Thejorces  termed 
chemical  affinity  and  electricity ,  are  one  and  the  same. 

One  or  two  additional  illustrations  of  these  laws  will  suffice  in  this 
place,  referring  the  student  to  chemical  649 

treatises  for  a  fuller  discussion  of  this 
very  important  topic. 

891.  Electrolysis  of  salU.— In  the 
bent  tube,  B  A,  6g.  649,  put  a  solution 
of  any  neutral  salt ;  t.  e.,  sulphate  of 
soda,  and  diffuse  the  blue  solution  from 
a  purple  cabbage  in  the  liquid.  Let  the 
current  of  a  Voltaic  pile  communicate 
with  this  saline  solution  by  two  platinum 
wires,  dipping  into  the  legs  of  the  tube — 
presently  the  blue  color  of  the  solution 
is  changed  on  the  positive  side  for  red,  and  on  the  n^ative  finr  grecB, 
indicating  the  presence  of  an  acid  set  free  in  A,  and  of  an  alkali  in  B 
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If  the  action  is  kept  np,  the  whole  of  the  blue  liquid  b  changed  to  red 
and  green.  Transpiise,  then,  the  -f  and  —  wires,  so  as  to  reverse  the 
direction  of  the  current;  presently,  the  red  and  green  change  back  to 
blue,  and,  in  a  short  time,  that  which  was  red  becomes  green,  and  vice 
vena.  This  is  a  case  of  electrolysis  in  which  the  electrolyte  (sulphate 
of  soda)  is  changed,  not  into  its  ultimate  elements,  but  only  into  the 
acid  and  alkali,  which  may  be  called  its  proximate  constituents ;  any 
other  saline  fluid  may  be  substituted  with  similar  results.  If  an  alka- 
line chloride  is  used,  t.  «.,  common  salt,  the  free  chlorine  evolved  on 
the  +  side,  discharges  all  color,  while  the  soda  produces  on  the  — 
side  its  appropriate  green  tint.  If  a  metallic  salt,  e.  g.,  sulphate  of 
copper,  or  acetate  of  lead,  is  used  in  A  B,  then,  on  the  —  side,  metallic 
copper  or  lead  is  evolved ;  while,  on  the  +  side,  is  the  free  acid  before 
in  combination  in  the  salt. 

A  more  surprising  example  of  the  apparent  transfer  of  elements  under  the 
power  of  the  Voltaic  current,  is  illustrated  in  fig.  650,  where  in  B,  the  centre  glass^ 
of  the  three  wine-glasses,  A  B  C,  is  a  950 

solution  of  sulphate  of  soda,  while  A 
and  C  contain  only  pure  water,  blued 
with  cabbage  solution.  Filaments  of 
moist  cotton  wick  connect  the  three 
glasses,  and  the  electrodes  are  intro- 
duced into  A  and  C,  when  the  same  | 
series  of  changes,  already  described  in 
fig.  649,  takes  place,  with  the  same  re- 
versals when  the  electrodes  are  trans- 
ferred. B  remains  apparently  unchanged,  while  C  is  reddened,  and  A  becomes 
green,  or  rtee  verta.  There  is,  in  fact,  nothing  more  wonderful  in  this  case  than 
in  the  last,  only  the  dissection  of  the  process  into  three  parts,  makes  the  result 
still  more  striking.  In  place  of  A  B  C,  any  number  of  glasses,  with  different 
salts  and  compounds,  may,  with  a  powerful  series  of  Bnnson,  be  substituted, 
with  results  conformable  to  the  law  in  |  890. 

892.  Electro-metallurgy. — The  electrotype. — The  cold  casting 
of  metals  by  the  Voltaic  current,  is  a  6ne  example  of 
the  rich  gifts  made  by  abstract  science  to  the  practical 
arts  of  life.  Every  Daniell's  battery  is,  in  fact,  an 
electro-metallic  bath,  in  which  metallic  copper  of  a 
firm  and  flexible  texture  is  constantly  thrown  down 
from  solution. 

The  very  simple  apparatus  required  to  show  these  results 
sxperimentally,  is  represented  in  the  fig.  651.  It  is  nothing, 
in  fact,  but  a  single  cell  of  DanieH's  batttery.  A  gla^s  tum- 
bler, S,  a  common  lamp-chimney,  P,  with  a  bladder-skin 
tied  over  the  lower  end  and  filled  with  dilute  sulphuric  acid, 
is  all  the  apparatus  required.  A  strong  solution  of  sulphate 
of  copper  is  put  into  the  tumbler,  and  a  xinc  rod,  Z,  is  inserted  in  P ;  the  moulds, 
or  oasts,  m  m,  are  suspended  by  wires  attached  to  the  binding  screw  of  Z.    Thus 
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mmJigtd,  the  copper  tolatioxi  U  slowly  deeompoeed,  and  tlM  BMtal  It  ereidy  tmi 
firmly  deposited  on  Mm.  A  perfect  revene  copy  of  «t  ii  thas  obtained  m  wcM 
malleable  copper.  The  back  of  m  is  proteeted  by  Tamiah,  to  prevent  the  adhe- 
lion  of  the  metallic  copper  to  it  In  thii  manner  the  moat  elaborate  and  eoetly 
medali  are  easily  multiplied,  and  in  the  most  aeevrate  manner.  In  praeties^ 
reverse  casts  of  the  object  to  be  copied  are  first  made  in  fiiaible  metal  or  wax.  The 
art  is  now  eztensirely  applied  to  plating  in  gold  and  silTor  firom  their  solatioas; 
the  metals  thns  deposited  adhering  perfectly  to  the  metallic  anrface  <m  which 
they  are  deposited,  provided  these  be  quite  clean  and  bright 

Even  alloys,  as  bronie,  brass,  and  German  silver,  may  be  deposited  according 
to  electrolytic  law. 

The  positive  electrodes  should  be  of  the  same  metal  as  thai  in  sdntion,  and 
as  large  as  the  surfaces  to  be  coated,  and  these  should  not  be  larger  Uiaa  the 
plates  of  the  battery  furnishing  the  current  The  arrangement  of  apparatas 
commonly  used  in  this  art,  is  seen  in  fig.  652,  where  the  metallio  solution  is  held 

6U 


in  a  separate  bath,  over  which  are  extended  two  stout  rods ;  B,  carrying  the 
objects,  m,  in  connection  with  the  negative  side  of  the  battery ;  and  wiUi  the  posi- 
tive side,  the  rod  D,  on  which  is  suspended  a  plate  of  the  metal  proposed  to  be 
deposited,  to  maintain  the  uniform  strength  of  the  solnUon,  which  is  preferably 
kept  at  a  somewhat  higher  temperature  than  that  of  the  air.  Wood-cuts  and 
printers'  types  are  thus  copied  in  copper,  the  moulds  taken  in  wax  fk'om  them 
being  made  conductors  by  dusting  over  the  surface  with  extremely  fine  plum- 
bago. All  the  copper-plates  for  the  charts  of  the  United  States  Coast  Survey, 
are  roprodaced  by  the  electrotype — the  originals  never  being  uacd  in  the  press, 
but  only  the  copies ;  and  any  required  number  of  these  may  be  produced  at 
small  expense.  For  an  instructive  account  of  these  extensive  electrotype  opera- 
tions, the  student  is  referred  to  a  paper  by  the  Electrotypist  of  the  Coast  Sur- 
vey, Mr.  Q.  Mathiot  (Amer.  Jour.  Sci.  [2],  XV.,  305\ 

893.  Ciystallization  from  the  action  of  feeble  currents. — ^It 
was  known  to  the  alchemietB,  very  early  in  chemical  history,  that  cer- 
tain metals,  as  j^old,  silver,  copper,  lead,  tin,  &c.,  were  deposited  in  i 
pure,  or  '*  rec/ulitie'*  condition,  from  their  solutions,  when  another  metal 
was  pre8ent,  or  even  sometimes  without  that  condition.  Thus  the  leed 
tree  (arbor  Saturnas),  the  tin  tree  (arbor  Jovis),  the  silver  tree  {arbor 
Viancc),  were  so  calljd  hf  the  alchemists,  from  the  apparent  growth 
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•f  theso  metals  oat  of  their  solutions,  and  in  tree-like  forms.  This 
growth  we  now  know  to  be  due  to  Voltaic  crystalline  deposition. 

Szamples. — A  solution  of  chlorid  of  gold  in  ether,  by  slow  change,  deposits 
■pontanooaily,  crystals  of  fine  gold,  in  elegant  moss-like  growths ;  and  Liebig  has 
riiown  nt  how  to  prepare  a  silrer  solution,  which,  by  the  aid  of  an  essential  oil  as  a 
radneing  agent,  will  coat  glass  with  a  film  of  silver  so  thin  as  to  be  transparent, 
and  Btill  so  brilliant  as  to  reflect  light  more  perfectly  than  the  best  mercurial 
mirrors. 

A  dilute  solution  of  acetate  of  lead  (half  an  ounce  to  a  quart  of  rain  water), 
•arrandenr  all  its  lead  to  a  strip  of  sine  hung  in  the  containing  bottle,  in  elegant 
crystalline  plates  {the  arbor  SatumcB) ;  this,  and  the  next  case,  are  true  Voltaic 
«iieaitB,  while  in  the  first  two  cases,  hydrogen  appears  to  supply  the  want  of  the 
sooond  element  of  Voltaic  couple.  In  like  manner,  a  dilute  solution  of  nitrate 
•f  lilrer,  placed  over  mercury,  soon  deposits  all  its  silver  in  an  arborescent  form 
{arbor  Diance)  on  the  mercury. 

But  the  most  instructire  case  of  this  kind  is  when  a  bar  of  pure  tin  is  placed 
vpright  in  a  tall  vessel,  the  lower  half  of  which  is  filled  with  a  saturated  solution 
of  protochlorid  of  tin,  while  above  it  rests  a  dilute  solution  of  the  same  salt 
The  bar  is  therefore  in  two  solutions  chemically  identical,  but  physically  unlike. 
The  result  is  a  Voltaic  current,  by  which  metallic  tin,  in  beautiAil  brilliant  plates, 
is  deposited  upon  the  upper  part  of  the  bar,  while  Uio  lower  part  is  correspond- 
ingly dissolved  by  the  free  electro-negative  element  of  this  electrolysis. 

The  earliest  recorded  experiments  with  this  species  of  Voltaic  circuit  are  those 
of  Buchols  (1807)^  whence  this  slow-acting  pile  is  sometimes  called  the  "  BuchoU- 
piU."  Becquerel  has  greatly  extended  our  knowledge  of  the  actions  thus  pro- 
duced, forming  thereby  many  non-metallic  crystalline  products.  Cross  thus 
formed  crystals  of  carbonate  of  lime  in  two  days  in  the  light,  or  in  six  days  in  the 
dark.  Mallett  thus  produced  crystals  of  copper,  and  of  red  oxyd  of  copper,  in 
a  single  night  from  the  nitric  solution.    (Am.  Jour.  Sci.  [2]  XXX.  253.) 

894.  Deposit  of  metallio  ozyds  and  Nobili*a  rings. — Becquerel 
has  shown  that  oxyd  of  lead  and  oxyd  of  iron  may  be  deposited  in 
a  thin  film  on  the  surface  of  oxydizable  metals  by  using  an  alkaline 
solution  of  the  metallic  oxyd,  and  making  the  plate  to  be  oxydized  the 
negative  electrode  of  a  constant  battery ;  a  deep  brown  coating  of  the 
oxyd  is  thus  deposited  in  a  few  minutes  so  firmly  as  to  withstand  the 
action  of  the  burnisher,  and  perfectly  protect  the  iron  or  steel  from 
atmospheric  action. 

If  the  film  of  oxyd  of  lead  is  very  thin,  it  presents,  over  a  surface 
of  polished  silver  or  steel,  a  most  pleasing  exhibition  of  colored  rings, 
analogous  to  the  colored  rings  of  Newton  from  thin  plates  (530).  For 
this  purpose  the  negative  electrode  is  made  of  a  thin  platinum  wire, 
protected  from  the  solution  by  a  glass  tube,  except  at  the  extremity, 
where  a  mere  point  is  presented.  A  rim  of  wax  on  the  edges  of  the 
plate  retains  the  solution  of  potassa,  saturated  with  oxyd  of  lead,  while 
it  is  oonnected  on  the  positive  pole,  and  the  negative  point  is  held  for  a 
few  seconds  within  a  line  of  the  polished  surface.  These  colored  rings 
)  first  noticed  by  Mr.  Nobili,  whence  their  name. 
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3.  Physiolagieai  effbcU  of  Ike  pile, 

895.  The  physiological  effeoU  of  the  Voltaio  pile.— GalTanPi 
original  experiment,  and  the  earlier  observatioDt  of  Swammerdam  and 
Salier,  of  two  metals  on  the  tongae,  deeerre  to  be  remembered  is  being 
our  earliest  knowledge  of  this  subject.  From  a  single  oeU.  or  erea  a  small 
number  of  pairs,  the  dry  hands,  grasping  the  electrodes,  reeeiTe  no  sen- 
sation ;  number,  and  not  site  of  elements,  is  requisite  for  the  physio- 
logical effect  Thus,  from  a  column  of  fifty  elements,  or  still  more  from 
fifty  cups  of  Bunsen,  or  a  Gruickshank's  trough  (870),  a  smart  twbge  u 
felt,  reaching  to  the  elbows,  or  if  the  hands  are  moistened  with  saline 
or  acid  water,  the  shock  will  be  felt  in  the  shoulders.  This  shock  is 
unlike  the  sharp  and  sudden  commotion  from  statical  electricity,  being 
a  more  continued  sensation,  accompanied,  during  the  eontinnanoe  of  th« 
current,  by  a  sense  of  prickly  heat  on  the  surface.  But  it  is  only  at 
the  making  and  breaking  of  contact  that  a  shock  is  felt.  If  the  battery 
contains  some  hundreds  of  couples  actively  excited,  the  shock  becomes 
painful,  or  even  fatal.  It  may  be  passed  through  any  nomber  of  per^ 
sons  whose  moistened  hands  are  firmly  joined,  but  it  is  sensibly  less 
acute  at  the  middle  of  such  a  circuit  than  to  those  at  the  electrodes. 
Even  after  death,  this  power  produces  spasmodic  muscular  contrac- 
tions, efforts  to  rise,  and  contortions  of  the  features  frightful  to  behold.* 
Persons  in  whom  animation  was  suspended,  have  been  restored  by  the 
influence  of  the  hydro-electric  current  on  the  nervous  system. 

The  senses  of  sight,  hearing,  and  taste,  are  all  affected  by  a  Voltaio  curreBt; 
a  flash  of  light,  a  roaring  soand,  and  a  snb-metallie  savor  being  reeeired  whea 
the  shock  of  a  small  battery  is  passed,  suocessirely,  through  the  eyes,  the  ears, 
and  the  tongue. 

From  the  experiments  of  Becqnerel,  it  appears  that  seeds  sabjected  to  a 
gentle  electric  current,  germinate  sooner  than  otherwise.  Von  Marum  obsenred 
that  plants  with  a  milky  juice,  like  the  'Euphorbiaee<r,  do  not  bleed  after  a 
powerful  electrical  shock,  owing,  he  suggests,  to  the  loss  of  eontractile  power  ia 
the  plant 

For  a  detailed  account  of  the  application  of  electricity  to  medical  uses,  con- 
sult the  works  of  Dr.  G.  Bird  (of  London),  W.  F.  Channing  (of  Boston),  and  the 
late  elaborate  volume  of  Dr.  Qarrett. 

The  magnetio  effects  of  the  pile  belong  to  electro-dynamics, 
while  its  electrical  effects  have  already  been  considered  in  2|  863,  864. 

YII.    THEORY  OF  THE  FILK. 

896.  Three  vie.ws.— 1.  It  has  already  been  stated  (863),  that  Volta 
and  his  school  ascribed  the  effects  of  the  pile  to  the  simple  oontect  of 
unlike  metals,  each  decomposing  the  neutral  electricity  of  the  other. 

*  See  a  notice  of  Dr.  Ure's  experiments  on  a  newly  executed  eriminaly  si 
Glasgow,  in  1818.    HAaais,  GalvanUm,  123,  J.  Weale. 
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lie  argaod  that  tbe  ohemical  action  of  tho  foattory  was  requisite  only 
to  afford  conductors  for  the  electricity,  while  the  metallic  substances 
remaining  in  every  way  unchanged,  they  are  supposed  to  discharge 
into  each  other.  According  to  this  hypothesis,  the  two  metals  are  in 
opposite  electrical  states,  one  being  positive,  the  other  negative ;  these 
states  becoming  at  once  destroyed  by  the  intervening  fluid.  This  theory 
assamed  that  the  whole  effect  of  the  apparatus  is  but  a  disturbance 
sod  reproduction  of  electrical  equilibrium.  This  view,  however,  can- 
not be  maintained,  since  it  involves  an  impossibility : — the  production 
of  a  continual  current,  flowing  on  against  a  constant  resistance,  with- 
oot  any  consumption  of  the  generating  force. 

2.  On  the  other  hand,  Fabbroni,  Davy,  Wollaston,  and,  above  all,  in 
our  day,  Faraday,  De  la  Rive,  and  Becquerel  have  sought  to  establish 
that  tho  Voltaic  excitement  was  only  the  reciprocal  of  the  chemical 
action ;  and  as  this  was  more  intense,  and  properly  directed,  so  was 
the  pile  more  powerful.  In  addition  to  the  statements  and  arguments 
already  adduced,  it  is  proper  here  to  consider  the  ground  of  these  two 
views,  and  somewhat  more  in  detail. 

3.  A  third  view  or  theory  of  the  pile  has  been  advanced  by  Peschel, 
which  he  calls  the  molecular  theory^  and  which  rests  on  a  sort  of  middle 
ground  between  the  contact  and  the  chemical  theories. 

897.  Volta'a  contact  theory. — The  advocates  of  this  mode  of  ex- 
plaining the  action  of  the  pile  (embracing  nearly  the  whole  body  of  the 
German  physicists),  contend  that  they  have  experimentally  established 
the  following  points  in  support  of  Yolta's  theory,  viz. :  let,  That  Volta's 
original  experiments  demonstrate  the  fact  beyond  question,  that  the 
simple  contact  of  heterogeneous  metals  does  produce  an  electrical  cur- 
rent (846).  2d,  That  in  some  cases,  when  a  purely  chemical  action 
exists  between  a  fluid  and  one  of  the  two  metals  immersed  in  it,  the 
contact  of  the  metals  arrests  this  action,  and  an  opposite  action  com- 
mences. 3d,  Xl^at  there  are  even  cases  of  hydro-electric  combinations, 
in  which  electrical  action  exists,  witAout  any  chemical  action  whatever 
on  the  electromotors.  4th,  The  advocates  of  this  view  further  contend 
that  chemical  action  is  never  the  primitive  cause  of  electrical  excite- 
ment ;  although  some  do  not  question  the  influence  of  chemical  action 
in  promoting  and  increasing  the  excitement  originally  due  to  contact. 

Since  scarcely  any  chemical  action,  or  none  at  all,  occurs  in  a  con- 
stant battery  without  contact,  it  is,  with  reason,  urged  that  contact  of 
the  heterogeneous  metals  is  the  one  indispensable  prior  cause  of  the 
Voltaic  current.  Hence  the  real  difficulty  seems  to  be,  to  decide  what 
share  ohemical  influence  really  has  in  exciting  the  electrical  action. 
Want  of  space  prevents  our  giving  the  evidence  in  detail  upon  which 
68 
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theuadvocates  of  the  contact  theory  rely  for  the  8app(vt  of  the  aboit 

propositions. 

898.  The  chemical  theory  assumes  the  electrical  carrent  to  be  tbt 
reciprocal  of  the  chemical  action  in  the  cells  of  the  battery,  and  that 
chemical  action  is  essential  to  the  production  of  such  a  cnrreDt. 

De  la  Rive  demonstrated  this  latter  point  in  the  following  manner: 
A  pair,  formed  of  two  plates,  one  of  gold,  the  other  of  platinom,  was 
plunged  into  pure  nitric  acid,  without  the  development  of  any  carrent; 
by  the  addition  to  the  nitric  acid  of  a  single  drop  of  chlorohydric  add, 
a  very  decided  current  was  obtained  from  the  gold  to  the  platinum 
through  the  liquid.  In  the  first  case  there  was  no  chemical  action ;  io 
the  second  case,  the  gold  was  attacked,  and  the  platinum  was  not,  or 
more  feebly. 

The  laws  of  electrolysis,  first  demonstrated  by  Faraday,  as  already 
stated  (890),  lend  the  evidence  of  mathematical  certainty  to  the  chemi- 
cal theory  of  the  pile.  Since  we  thus  reach  the  unavoidable  oonelosion 
that  an  equivalent  of  electricity  is  a  chemical  equivalent,  and  so  briog 
tho  discussion  down  to  the  rigid  test  of  the  balance,  the  ultima  ratio 
of  chemists  and  physicists. 

In  addition  to  the  laws  of  Faraday,  already  rehearsed,  are  tlie  fol- 
lowing : — 

Lawa  of  the  diaengagement  of  electricity  by  chemical  action, 
first  stated  by  M.  Becquerel : — 

Ist.  In  the  combinatioii  of  oxjgen  with  other  bodies,  the  oxjgen  takei  the 
eloctro-positive  subatance,  and  the  oombustible  tho  electro-negative. 

2d.  In  the  oombination  of  an  acid  with  a  base,  or  with  bodiei  that  act  a»  such, 
the  first  takes  the  positive  electricity,  and  the  second  the  negative  electricity. 

3d.  When  an  acid  acts  chemically  on  a  metal,  the  acid  is  electrified  positively, 
and  the  metal  negatively  :  this  is  a  consequence  of  the  second  law. 

4th.  In  decompositions,  the  electrical  effects  are  the  reverse  of  the  preceding. 

5tb.  In  double  decompositions,  the  equilibrium  of  the  electrical  foroes  is  not 
disturbed. 

The  quantity  of  electricity^  required  to  pro  Ace  chemical 
action  is  enormous,  compared  with  the  amount  of  statical  electricity 
disturbed  by  the  common  frictional  machine.  Faruday  has,  in  hifl 
masterly  way,  demonstrated  this  fact  by  simple  experiment. 

He  has  shown  that  tho  quantity  of  Voltaic  electricity  requisite  for  decomponng 
ono  grain  of  water,  would  be  sufficient  to  maintain  at  a  red  heat  a  wire  of  plati- 
num about  one  one-hundredth  of  an  inch  (jii)  iQ  diameter,  during  three  minutflf 
forty-live  seconds,  the  time  requisite  to  effect  the  perfect  decomposition  of  ibs 
grain  of  water.  The  quantity  of  frictional  electricity  required  to  produce  tbt 
same  effect,  would  be  that  furnished  by  eight  hundred  thousand  discharges  of  • 
battery  of  Leyden  jars,  exposing  three  thousand  five  hundred  square  inebes  of 
surface,  charged  with  thirty  turns  of  a  powerful  electrical  machine. 

Beequerel,  by  a  different  mode  of  experiment^  arrived  at  nearly  the  fSBt 
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iwalu  ThersfoNy  to  deeon  pose  a  grain  of  water,  requires  an  amount  of  elec- 
tricitj  equal  to  that  Aimisted  bj  the  discharge  of  an  electric  pane  having  a 
tnrfaee  of  thirty-two  acres.  "Equal  to  a  very  powerful  flash  of  lightning." 
**  This  riew  of  the  subject  gives  an  almost  overwhelming  idea  of  the  extraordi- 
Barj  quantity  of  electric  power  which  naturally  belongs  to  the  particles  of 
matter."    (Faraday  Expt  Res.,  853-861.) 

899.  Polarisation  and  transfer  of  the  elements  of  a  liquid. — 
The  electro-chemical  theory  hiis  been  much  expanded  by  the  researchett 
of  De  la  Rive ;  he  explains  the  phenomena  of  polarization  and  the 
transfer  of  the  elements  of  a  liquid  in  the  following  manner : — 

His  theory  assumes  that  every  atom  has  two  poles,  contrary,  but  of  the  same 
force.  The  different  kinds  of  atoms  differ  from  each  other  in  that  some  have  a 
more  powerful  polarity  than  others.  When  two  insulated  atoms  are  brought 
near  each  other,  they  attract  each  other  by  their  opposite  poles ;  the  positive 
pole  of  that  which  has  the  strongest  polarity  unites  with  the  negative  pole  of 
that  which  has  the  feeblest  polarity.  A  compound  atom,  when  insulated,  han 
therefore  two  contrary  polarities  between  the  poles  of  a  pile ;  for  example,  the 
atom  is  so  arranged  that  its  -j-  pole  is  turned  to  the  platinum  (or  —  side)  of 
the  pile,  and  the  —  pole  is  turned  to  the  sine  (or  -{-  side)  of  the  pile.  This 
same  action  oecars  with  other  atoms,  so  that  there  is  produced  a  chain  of  polar- 
ised particles  between  the  poles  of  the  pile. 

The  oxygon  of  the  particle  of  water  nearest  the  zinc  becomes  negative, 
oeeaase  of  its  affinity  for  the  sine,  and  the  hydrogen  becomes  positive.  The 
other  particles  of  water  become  similarly  electrified  by  induction,  but  the 
platinum  has  become  negative  by  induction  from  the  zinc,  and  therefore  is  in  a 
eondition  to  take  up  the  positive  electricity  from  the  zinc  of  the  contiguou.s 
hydrogen.  The  action  now  rises  high  enough  for  the  zinc  and  the  oxygon  to 
oombine  chemically  with  each  other.  The  oxyd  of  zinc  thus  formed  disHolves 
in  the  liquid  (dilute  sulphuric  acid),  and  is  thus  removed.  But  the  parti.'Ic  of 
hydrogen  nearest  the  zinc,  now  seizes  the  oppositely  electrified  oxygen  of  the 
adjacent  particle,  producing  a  fresh  atom  of  water.  The  particle  of  hydro^i-n 
which  terminates  the  flow  is  electrically  neutralized  by  the  platinum,  to  which  it 
imparts  its  excess  of  positive  electricity,  and  escapes  in  the  form  of  gas ;  and 
other  particles  of  water  are  continually  produced,  to  supply  the  place  of  tho.«c 
decomposed,  and  thus  continuous  action  is  maintained.  These  changes,  con- 
tinually taking  place,  furnish  an  uninterrupted  flow  of  electricity,  which  ii* 
conveniently  termed  a  Voltaic  current. 

Other  instances  of  electrolysis  are  explained  in  a  similar  way. 

900.  Chemical  affinity  and  molecular  attraction  distinguished. 
— According  to  De  la  Rive,  and  in  sup^wrt  of  the  view  of  the  polarity 
of  atoms,  the  distinction  between  chemical  affinity  and  molecular 
attraction  is  as  follows :  chemical  affinity  i8  the  attraction  of  atoms, 
operating  by  their  contrary  electric  poles,  which  come  into  contact, 
while  physical  attraction  results  from  the  mutual  attractive  action  that 
the  atoms  zeroise  over  each  other  in  virtue  of  their  masses.  This  last 
attraction  is  never  able  to  produce  contact,  because  of  the  repulsive  force 
(if  the  ether  which  envelops  the  atom,  and  which  increases  in  proportion 
M  the  sphere  which  separates  the  attracted  atoms  diminishes  (146). 

1K)1.  Peaohall's  molaonlar  theory  of  the  pU«. — ^BAftlv!i^Vk.v^\i\.Vi^ 
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opioion  long  held  by  many  ohemisto,  that  those  forces  which  lie  at  the 
basis  of  adhesion,  and  those  which  cause  ehemioal  affinity  are  not  essen- 
tially different,  Peschel  holds  that —  When  eUetricity  is  generated  ra  any 
Vcltaic  arrangement  U  results  from  a  molecular  ehange^  bronght  ahoml 
in  the  touching  bodies  by  the  adhesive  force  which  subsists  between  them 

Thii  theory  possMses  the  advantage,  that  no  new  power  need  be  ammed  to 
exist,  wheruafl  the  contact  theory  demands  the  existence  of  an  **  clectro'moiiw9 
force/'  of  which  we  know  nothing.  It  also  accounts  for  the  production  of  elec- 
tricity, apart  from  any  chemical  action.  In  common  with  the  chemical  hypo- 
thesis, it  deduces  tho  phenomena  of  the  single  battery  from  the  moI(>calar  foree*: 
it  considers  tho  fluid  not  merely  as  a  conductor  of  electricity*  but  as  engaged  in 
its  production,  and  that  the  elements  of  the  battery,  by  the  physical  changes 
which  they  undergo,  are  the  actual  sources  of  electricity ;  Uiat  their  contact 
renders  this  change  possible,  and  it  is,  therefore,  the  occasion,  and  not  the  geot- 
ratiog  cause,  by  which  the  electricity  is  produced.  By  this  riew,  the  chonicsl 
hypothesis  is  only  a  special  case  of  the  molecular.  The  simultaneous  cob- 
mencement  of  chemical  action  with  the  development  of  electricity,  and  the 
circumstance  that  the  chemical  intensity  of  a  simple  Voltaic  arrangemcot 
increases  and  decreases  as  the  chemical  action  on  the  fluid  conductor,  and  on 
the  elements  of  the  battery  is  greater  or  loss,  fully  accords  with  the  statements 
of  this  theory.  It  follows,  hence,  that  the  electrical  and  molecular  forces  are  ods 
and  the  same,  and  that  the  latter  appears  as  electricity  whenever  it  passes  from 
one  mode  of  operation  into  the  other,  as,  e.  jf.,  when  it  ceases  to  hold  the  elcmmti 
of  the  water,  and  so  oxydises  the  sine. 

i  4.  Electro-DynamicB. 

I.    ELECTRO-MAONETISM. 

902.  General  laws. — Electro-dynamics  is  that  department  of  physics 
devoted  to  the  mutual  action  of  Volta-electric  currents.  These  are 
distinct  from  the  phenomena  of  static  electricity.  The  phenomena  of 
electro-dynamics  may  all  be  arranged  under  the  following  general 
propositions. 

1.  Eoery  conductor ^  conveying  a  current  of  electricity,  affects  a  free 
needle  as  a  magnet  would  do. 

2.  Electric  currents  affect  each  other  like  magnets. 

3.  A  magnet  acts  upon  an  electric  current  as  a  second  current  would 
have  done. 

4.  Electric  cttrrents  in  conductors  excite  similar  currents  in  other  cw- 
ductors  within  their  influence. 

5.  Magnets  excite  electric  currents,  and  all  the  electricai  effects  depend- 
ing upon  them. 

Hence,  when  magnetism  is  excited  by  electric  currents,  it  is  called 
electro-magnetism :  and  inversely,  when  electrical  currents  result  from 
magnetism,  they  are  called  magneto-electrical  currents. 

It  is  impossible,  in  our  narrow  limits  of  space,  to  consider  each  of  these  pio- 
positions  in  full  detail.     We  shall  endeavor,  however,  to  present  those  ] 
mena  ap''   '        *'^n\\ca\\oiia  w\i\o\x%x«ol  T&tk%\.^<«i«n\VDL\jest«s!L 
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903.  GOmted'a  dtooovary.— In  1819-20,  Prof.  Haus  ChriHtian  GSr- 
8ted,  of  Copenhagen,  in  a  course  of  researches  upon  the  relation  of  the 
Toltaic  apparatus  to  the  magnet,  made  the  discovery  of  tlie  fundamental 
fact  of  electro-magnetism,  stated  in  the  first  of  the  foregoing  proposi 
tions.  Many  physicists  had  before  sought  to  evolve  the  phenomena 
«f  magnetism  from  the  battery ;  but  in  vain,  because  they  proceeded 
without  connecting  the  p<^  by  a  conductor,  in  which  case,  of  course 
(as  we  now  clearly  see),  toe  power  of  the  apparatus  is  dormant,  like 
•tagnant  statical  electricity  in  an  unexcited  conductor.  (Ersted  clostd 
the  battery  circuit  by  a  conductor;  and  therein  rests  his  discovery.  He 
found  when  such  a  conjunctive  wire  was  approached  to  a  free  needle, 
that  the  needle  was  influenced  by  it,  as  if  he  had  used  a  second  mag- 
net :  in  other  words,  the  conducting  wire,  of  whatsoever  metal  it  might 
happen  to  be,  had  itself  become  a  magnet. 

If  positive  electricity  flows  from  south  to  north  over  a  horizontal 
conducting  wire,  placed  in  the  magnetic  meridian,  then  a  free  magnetic 
needle,  6  a,  fig.  653,  would  have  its  north  end,  6,  deflected  to  the  wtsty 
653  654 


if  it  is  placed  bctow  the  conducting  wire,  and  to  the  tckst  if  it  is  placed 
above  the  wire.  If  the  needle  is  placed  on  the  east  side  of  such  a  con- 
ductor, its  north  end  is  depressed,  if  on  the  west  side  of  the  wire,  the 
north  end  of  the  needle  is  raised.  Reversing  the  direction. of  the  cur- 
rent, reverses  all  these  movements. 

The  rectangle,  fig.  654,  surrounding  the  magnetic  needle,  has  three 
connections,  by  the  use  of  which  the  current  may,  at  pleasure,  be  sent 
above  or  below  the  needle. 

(Ersted  also  found  that  only  needles  of  steel  or  iron  were  thns  affected,  and 
not  those  of  brass,  lao,  and  other  non-magnetic  substances.  He  called  the  con- 
ductor a  " conjunctive  wire"  and  he  describes  the  effect  of  the  electric  current 
(or  the  "electric  conflict,"  as  he  calls  it),  as  resembling  a  helix;  and  that  it  is 
not  confined  to  the  wire,  but  radiates  an  influence  at  some  distance. 

The  effect  of  (Erdted's  discovery  was  remarkable.  The  scientific  world  wan 
ripe  for  it,  and  the  truth  ho  thut;  struck  out  was  instantly  seized  upon  by  Arugo, 
68* 
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Ampdre,  Dary,  and  a  crowd  of  pbilosoplMrt  in  all  ecraBtriM.  T^  aetiTily  vitl 
whieb  ibis  new  field  of  rosearcb  bas  been  cultiTated,  haa  nerei  relaxed,  evca  U 
ibis  boar ;  wbile  it  baa  borne  fruit  in  a  moIUtiide  of  important  tbeoretkal  im 
practical  truths,  among  wbicb  is  the  blbctro-maoiibtio  tklboraph,  one  of  da 
great  features  of  this  age. 

904.  The  elaotro-magnetio  ourrant  moves  at  right  anglet 
to  the  coarse  of  the  conjanotive  V7ire. — Let  a  current  flov 
over  a  coDductor  in  the  direction  of  the  ar^w,  fig.  655,  from  -|-  to  — ; 
a  small  bar  of  soft  iron,  or  a  steel  sewing-  ^^^ 

needle,  held  vertically  before  this   wire,   be-  J^^ 

comes  instantly  a  magnet,  with  its  N.  pole 
toward  the  earth — place  the  rod  of  iron  on  the 
opposite  side  of  the  conjunctive  wire,  and  its 


i 


polarity  is  instantly  reversed,  as  in  the  figure.  Revolve  it  in  either  posi- 
tion in  a  vertical  plane  at  right  angles  to  the  conjunctive  wire,  and  the 
induced  poles  will  retain  their  relation  to  tiic  current  in  every  position ; 
i.  e.f  the  end  marked  N.  in  the  figure,  will  remain  north  at  every  pi»int 
of  the  revolution.  If  a  steel  needle  is  used,  it  retains  polarity  afier 
the  current  ceases  to  act  on  it.  If  the  bar  or  needle  be  laid  parallel  to 
the  conjunctive  wire,  then  the  tioo  sides  of  the  needle  or  bar  have  oppo- 
site polarities. 

Honcc,  it  follows,  that  a  free  magnetic  noodle  tends  to  place  itself  at  right 
angles  to  the  path  of  an  electro-magnetic  current  traversing  a  coigunctire  wire, 
and  were  the  needle  free  ft-om  the  directiro  tendency  of  terrestrial  magnetism^ 
it  would  so  place  itself.  The  olectro-magnotio  current  is,  therefore,  a  tangtutial 
force,  and  acts  tangentially  upon  a  free  needle. 

Simple  as  is  the  relation  between  the  electric  current  on  a  wire,  and  the  order 
of  polarity  induced  by  it  in  a  needle,  its  correct  expression  is  always  difficult 
To  aid  its  exact  statement  by  some  simple  formula.  Ampere  lays  down  tb« 
following  rule : — 

The  north  pole  of  a  magnet  is  invariably  deflated  to  the  left  of  the 
airrent  which  passes  between  the  needle  and  the  observer,  who  is  to  hoK 
his  face  towards  the  needle^  the  electric  airrent  being  supposed  to  enter 
from  his  feet  and  pass  out  of  his  head. 

A  verification  of  these  cardinal  principles  by  actual  experiment,  ii 
the  only  way  in  which  the  student  can  obtain  a  vivid  and  lasting  in 
prcHsion  of  them. 

905.  Oalvanometers  or  multipliers. — If  the  conjunctive  wire  ii 
bent  into  a  rectangle,  fig.  656,  so  as  to  carry  656 

the  current  once,  or  many  times,  around  the  j 
needle,  then  the  effect  of  the  same  force  on  the  ' 
needle  is  multiplied  in  proportion  to  the  num- 
ber of  convolutions.     Thus   Schweigger  con- 
trived his  multiplier,  fig.  656,  composed  of  a 
fiat  spool  of  fine  insulated  coi^i^^x  vr\Te  within  which  the  needle  waf 
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raspended.  By  this  means  a  very  feeble  current  became  quite  Rensible. 
For  ordinary  parposes,  a  few  turns,  or,  it  may  be,  three  hundred  or 
four  hundred  convolutions  suffice;  but,  for  particuhir  purposes,  and 
where  the  cur-  657  658 

rent  is  very  fee- 
ble, many  thou- 
sand feet  of  very 
fine  wire  are 
used. 

In  yobilVt  dou- 
ble galvanometer^ 
an  astmtio  noodle 
(787),  is  nsod,  in 

which  the  needloc,  a  5,  h'  a%  fig.  657,  are  not 
quite  eqnal,  tearing  a  very  slight  directive 
force  only.  Fig.  658  shows  this  delicate  in- 
•tmment  in  its  most  perfect  form,  as  used 
in  determining  the  laws  of  transmission  of 
heat,  as  well  aa  for  other  purposes  demand- 
ing a  very  sensitive  instrument  Only  the 
lower  and  stronger  needle  is  enclosed  in  the 
helix,  D,  while  the  system  is  suspended  by 
a  fibre  of  raw  silk,  beneath  a  glass  shade,  I 
leTeled  by  three  screw  feet,  C.  The  ends 
of  the  spool  are  seen  at  R  K,  while  by  the 
head,  F,  the  whole  instrument  may  be  re- 
volved so  as  to  bring  the  wires  of  the  spool 
parallel  to  the  suspended  needle  at  rest,  ! 
which  is  the  position  of  greatest  sensitive- 
ness. The  sensitiveness  of  such  an  arrange- 
ment is  very  great.  Suppose,  for  example, 
there  are  five  hundred  revolutions  in  the 
coil,  then  the  lower  nocdle  is  acted  on  ono 
thousand  times,  and  the  upper  one  five  hundred  times  by  any  givun  current ;  or 
the  original  force  of  the  current  is  multiplied  fifteen  hundred  times.     But  the 


directing  force  of  the  earth's  magnetism  on  a 
jgiven  needle  is  proportional  to  the  squares  of  the 
vibrations  it  makes  (795).  Now,  assuming  that 
the  needles  alone  made  sixty  vibrations  in  a 
minate,  and  as  astatio  needles  only  ten,  then 
we  have  3600  :  100  as  the  numbers  representing 
the  effeet  of  terrestrial  magnetism  in  the  two 
eases ;  or  it  is  thirty-six  times  less  in  the  astatie 
system  than  in  the  simple  needles,  and,  conse- 
quently, the  electric  current  will  affect  them 
Uiirty-iix  times  more  than  if  they  were  not  asta- 
tic The  deflecting  power  of  the  current  in 
question  will,  therefore,  be  increased  by  such  a 
galvanometer,  1600  X  ^^  --  54,000  tiroes. 

A  less  expensive  form  of  galvanometer  is  seen  in  fig.  660. 
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90G.    The  tangents  or  ain«  oompa—   s<^Tanometer.  —  This 

instrument,  invented  by  Pouillet,  is  designed  to  measure  earrenta  of 
greater  intensity  than  can  be  measured  by  the  common  galTaDoraeter. 
It  depends  on  the  established  principle,  that  the  intensity  of  a  ea^ 
rent  is  proportional  to  the  sine  of  the  angular  deviation  of  the  needle, 
rhe  angle  of  deviation  being  known,  and 
consequently  its  sine,  the  intensity  of  the 
lurrent  is  expressed  in  terms  of  the  sine. 

Fig.  660  shows  the  arrangement  of  this  initrti. 
ment,  in  which  the  eurrent,  entering  by  the  conduc- 
tors, 6  a,  through  the  ivory  piece,  £,  circalates  a 
few  times  only,  sometimes  only  once,  over  the  ver- 
tical circle,  M,  placed  in  the  magnetic  meridian. 
The  magnetic  needle,  m,  is  deflected  upon  the  hori- 
sontal  circle,  N,  in  proportion  to  the  force  of  the 
current  in  M,  and  a  silver  index  needle,  n,  service 
to  record  the  angular  deviation  of  m  from  its  neii* 
tral  point.  When  the  needle  is  at  rest,  the  vertical 
circle,  M,  is  revolved  upon  the  standard,  0,  by  the 
butt-on,  A,  until  its  plane  coincides  with  the  plane  : 
of  deviation  of  m,  and  this  angular  distance  is  \ 
then  road  off  by  the  vernier,  C,  upon  the  lower 
graduated  circle,  H.  This  galvanometer,  or  « 
simpler  modification  of  it,  is  the  form  of  instrument  generally  osed  in  dectio- 
magnetic  researches. 

907.  Rheoatat. — This  simple  contrivance  of  Wheatstone's  serves  to 
introduce  a  longer  or  shorter  conducting  wire  into  any  circuit,  the  in- 
tensity of  which  it  is  proposed  to  measure  by  the  galvanometer. 

Since  the  intensity  of  the  current  is  inversely  as  the  length  of  the  circuit  (SSO), 
we  may,  by  increasing  or  diminishing  that 
length,  produce  from  any  current  a  deter- 
minate deviation  (say  30°),  on  the  galva- 
nometer. Fig.  661  shows  this  arrangement, 
composed  of  two  equal  and  parallel  cylin- 
ders, one  of  wood,  B,  and  the  other  of  brass, 
A,  supported  in  a  frame-work  and  revolving 
on  thoir  centres.  B  is  provided  with  a  spi- 
ral groove,  in  which  the  turns  of  a  copper 
conducting  wire  may  be  laid.  One  end  of  ; 
this  wire  is  at  a,  in  connection  with  the  cur- 
rent pole,  o.  The  wire  may  all  be  wound 
on  B,  in  which  case  the  current  passes 
through  its  whole  length,  and  escapes  at  n, 
through  the  metallic  connection  of  its  end, 
e,  with  A.  If  it  is  desired  to  shorten  the 
conductor,  the  handle,  d,  is  put  on  the  axis,  c,  and  A  is  revolved  from  left  t« 
right,  until,  as  in  the  cut,  one-half,  for  example,  of  the  conductor,  is  wound  on 
A  But  A,  being  a  metallic  conductor,  the  current  passes  to  n  by  the  •hoitsft 
course,  and  the  only  part  of  the  wire  in  action  is  what  remains  wousd  on  2, 
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and  this  quantity  is  read  off  by  an  index  and  graduation  engraved  on  the  tarthet 
end*  of  the  cylinders.     This  apparatus  is  indispensable  in  exact  obserTations. 

908.  Ampere's  electro- magnetic  discoveries  and  theory. — Im- 
mediately after  the  first  anDOuncement  of  (Ersted's  discovery  of  the 
magnetic  powers  of  a  conjunctive  wire,  Ampere,  one  of  the  most  re- 
nowned of  the  French  physicists  (born  1755 — died  1836),  commenced  a 
neries  of  experiments  (September,  1820)  to  determine  the  laws  con- 
cerned in  these  curious  phenomena.  Of  three  principal  hypothesis 
which  he  framed  to  this  end,  he  finally  accepted  and  demonstrated  the 
following,  via. : — 

A  magnet  is  composed  of  independent  elements  or  molecules^  which 
let  <u  if  a  closed  electric  circuit  existed  within  each  of  them :  in  oilier 
wordSf  each  of  these  magnetic  molecules  may  be  replaced  by  a  conjunctive 
wire  bent  on  itself  in  which  a  constant  current  of  electricity  is  maintained^ 
atfivm  a  Voltaic  circuit. 

This  hypotbesii  be  maintained  by  singularly  ingenious  experiments,  many  of 
iriileh  were  the  direct  suggestion  of  the  bypotbesis  itself,  and  be  brought  all, 
by  his  power  of  mathematical  analysis,  into  exact  conformity  with  his  theory. 
This  theory  recognises  only  such  forces  as  are  common  to  mccbanical  physios, 
and  ofken  called  **pu9h  and  pull"  forces.  These  forces  are  mutual,  and  belong 
to  all  electric  currents.  In  permanent  magnets,  the  minute  circular  and  parallel 
currents,  pertaining,  by  this  tbeory,  to  each  magnetic  molecule,  all  act  at  right 
angles  to  the  magnetic  axis  or  line  of  force.  Hence,  as  in  CErsted's  experiment 
(903),  the  magnetic  needle  strives  to  place  itself  at  ri^bt  angles  to  the  path  of 
the  current  on  the  conjunctive  wire,  it  follows,  that  currents  in  the  magnet  seek 
a  parallelism  to  that  in  the  conjunctive  wire.  Granting  this  to  be  true,  it  fol-* 
lows,  as  a  corollary  from  the  premises, — 

1st.  7%at  two  free  conducting  wiret  mutt  attract  or  repel  each  othery  according 
U>  the  direction  of  the  currentt  in  them. 

2d.   That  a  conjunctive  voire  may  he  made  in  all  retpecte  to  eimulate  a  magnet. 

909.  Mutual  action  of  electric  currents. — Parallel  currents  attract 
each  other  when  they  flow  in  the  same  direction.  Thus,  in  fig.  662,  where 
the  snows  and  the  signs  +  and  —  indicate  the  flow  of  the  currents  to 

662                                                      663 
"■ --».  ••• — — r 


be  identical,  there  is  attraction,  while,  in  fig.  663,  the  same  signs  show 
'  the  carrents  to  be  reversed,  in  conformity  to  the  law  that: — Parallel 
currents  repel  each  other  when  their  directions  are  opposite.  To  illustrate 
these  laws  experimentally,  one  of  the  conductors  should  be  fixed, 
and  the  other  movable.  The  following  simple  apparatus  also  illus- 
trates those  laws,  and  several  other  points  of  interest  presently  to  be 
notioed. 
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Da  La  Rive*a  floating  ourrent,  fig.  664»  li  a  little  battery  of  aaalgi- 
mated  sine,  c,  and  copper,  c,  or  sino  and  platinum,  fet  afloat  by  a  dite  of  eoik, 
a  b,  whose  poles  -{-  and  —  are  connected  by  a  coigiinetire  064 

wire, « t.  When  this  little  float  is  placed  in  a  ressel  of  aeida-  '^ 
lated  water  (water  with  one-twentieth  sulphuric  aodi),  aa 
electric  current  flows  in  the  direction  of  the  arrow.  Then  • 
Join  the  poles  of  a  single  cell  of  Orore's  or  Smee's  battery 
by  a  conjunctive  wire  of  convenient  length,  and  stretching  «)l^36BiH^ 
the  wire  between  the  two  hands,  approach  it  parallel  to  «e; 
if  the  current  is  flowing  in  the  same  direction,  the  float  will  be  attracted  to  tb« 
wire  in  the  hands ;  if  otherwise,  repulsion  is  teen.  If  the  two  wires  are  not 
parallel  to  each  other,  then  the  movable  current  seeks  to  take  up  a  positioQ  uf 
parallelism,  or  one  in  which  the  two  currents  have  a  similar  direction.  A  little 
rectangular  frame  of  wood  3  X  ^  i°*>  °^^7  ^  wound  with  ten  or  twelve  turns  of 
fine  copper  wire,  covered  by  silk  in  the  manner  of  a  665 

galvanometer,  and  its  free  ends  connected  with  a  bat- 
tery will  give  a  stronger  current  By  simply  turning 
the  frame  in  the  hand,  the  direction  of  the  current  is 
reversed. 

Roget'a  osoillating  apiral,  fig.  665,  also  illus- 
trates the  law  of  attraction  of  parallel  conductors.  Here 
the  conductor  is  coiled  into  a  spiral,  which  is  suspended 
from  the  top  of  an  upright  metallic  standard  in  con- 
nection with  one  pole  of  a  battery,  while  the  other  end  1 
dips  into  mercury  in  the  glass,  in  connection  with  the 
other  polo,  K.  When  the  poles  are  joined,  each  turn  of  | 
the  spiral  attracts  the  next  turn,  shortening  the  spiral, 
and  breaking  the  mercurial  connection,  with  a  spark.  The  weight  of  the  spiral 
then  restores  the  connection,  and  thus  a  continuous  oscillating  movement  ii 
•kept  up. 

We  add  the  fallowing  general  propositions  on  this  subject. 

1.  Two  currents  following  each  other  in  the  same  direction,  as  aim 
different  parts  of  the  same  current,  repel  each  other. 

2.  Two  fixed  currents  of  equal  intensity,  flowing  near  and  parallel 
to  each  other  in  opposite  directions  (as  when  the  same  wire  returns  on 
itself  without  contact),  exert  no  influence  on  a  fixed  current  running 
near  them:  in  other  words,  they  exactly  neutralize  each  other,  and 
their  effect  is  null. 

The  rotation  of  electric  conductors  about  magneto,  and  the  revefue; 
the  rotation  of  a  magnet  on  its  own  axis  by  an  electric  current,  and  the 
rotation  of  electrical  conductors  about  each  other,  are  all  points  most 
curious  and  instructive  to  trace,  did  space  permit.  The  student  will 
find  these  principles  very  neatly  illustrated  by  appropriate  apparatus 
in  Davis's  Manual  of  Magnetism.  The  researches  of  Uenry,  Page,  and 
other  American  physicists,  have  made  very  important  additions  to  this 
department  of  physics. 

910.  Helix,  solenoid,  or  electro-dynamic  apiral. — By  winding 
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ihe  cODJanctive  wire  into  a  helix,  as  in  fig.  666,  and  carrying  the  wire 
back  again  through  the  axis  of  this  666 

spiral,  C  B,  the  effects  of  the  current     — m^ 

from  A  to  B,  will  be  neutralized  by  ctZ]^M5RMff?^6^ 
its  return  from  B  to  C,  and  there  will  ^  v  vvrvv  vv  vv  vv 

remain  only  the  effect  due  to  its  spiral  revolution  about  G  B.  Ampere 
called  this  form  of  the  wire  a  aoUnoid.  The  effect  of  the  helix  thus 
wound,  is  reduced  solely  to  the  influence  of  a  series  of  equal  and 
parallel  circular  currents.  By  winding  the  silk-covered  wire  in  the 
manner  shown  in  fig.  667,  the  two  ends  of  the  coil  are  returned  to  the 
centre  of  gravity,  and  being  pointed  667 

with  8t«el,  the  whole  system  can  be 
conveniently  suspended,  as  in  fig.  668, 
upon  what  is  called  an  Ampere's 
frame,  iu  which  the  arrows  show  the 
course  of  the  current  from  the  battery  b^ 
to  the  helix  or  solenoid  thus  suspended. 
When  the  current  is  established,  the  axis  of  the  solenoid,  A  B,  swings 
into  the  magnetic  meridian,  while  its  several  spires  are  in  the  plane  of 
the  magnetic  equator.   This  position  668 

it  assumes  in  obedience  to  the  soli- 
citation of  terrestrial  magnetism ; 
consequently  it  simulates  in  all  re- 
spects the  character  of  a  magnetic 
needle,  although  possessing  not  a 
particle  of  iron  or  steel  in  its  struc- 
ture.    If  a  second  helix,  6,  through  ; 

which  also  a  current  passes,  is  now  \  

presented  to  the  first,  as  in  fig.  668,  all  the  phenomena  uf  attraction 
and  repulsion  will  be  seen,  the  action  of  the  two  helices  or  solenoids 
being  to  each  other  exactly  like  those  of  two  669 

magnets. 

De  La  Rive's  floating  current,  already  ex- 
plained in  2  909,  is  also  well  adapted  to  illustrate 
the  attractive  and  repulsive  influence  of  a  magnet 
on  a  free  conjunctive  wire,  as  well  also  as  its  obe- 
dience to  the  solicitations  of  terrestrial  magnet- 
ism. For  this  purpose  the  conjunctive  wire  is 
wound,  as  in  fig.  669,  into  a  helix.  Lefl  to  itself, 
this  apparatus  will  act  just  as  the  solenoid  on  the  frame,  fig.  668,  and 
will  obey  the  impulses  of  a  magnetic  bar,  or  of  another  solenoid. 
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911.  Directive  action  of  the  earth. — ^These  effects  are  expieaied 

in  the  following  law : — 

Terrestrial  magnetism  acts  upon  declric  currents  just  asiftke  aittn 
globe  IMS  encircled  with  electric  currents  from  E.to  Wi  in  lines  paraSd 
to  the  magnetic  equator. 

The  direction  in  which  these  currents  are  suppoeed  to  more  is  the 
same  with  the  apparent  motion  of  the  snn,  and  the  one  in  which  the 
earth's  surface  receives  its  advancing  rays  ;  and  since  it  is  now  known 
that  electrical  currents  generated  by  heat  exert  precisely  the  same 
influence  on  the  magnetic  needle  as  Yoltaio  currents  do,  therefore  it 
has  been  inferred  that  the  thermal  action  of  the  sun  is  the  generating 
and  maintaining  cause  of  the  currents  of  terrestrial  magnetism  (801). 

912.  Magnetising  by  the  helix.— We  have  already  (805)  described 
a  mode  of  producing  magnets  from  an  electrical  current.  The  expls- 
nation  of  this,  after  all  that  has  been  said,  is  easy.  As  each  volute  of 
the  helix,  carrying  an  electric  current,  is  itself  an  active  magnet^  it  is 
easy  to  conceive  that  under  the  united  influence  of  a  great  number  uf 
such  circular  and  parallel  currents,  the  coercitive  force  of  a  steel  bar, 
or  bar  of  soft  iron,  should  be  decomposed,  and  active  magnetism  be 
thus  induced,  permanent  or  transient,  according  as  steel  or  iron  is  the 
subject  of  experiment.  Even  a  series  of  sparks  from  an  excited  elec- 
trical machine,  passed  through  a  helix,  will  magnetize  a  steel  needle. 

The  position  of  the  poles  in  a  bar  so  situated  will  depend  on  the  right-handed 
or  left-haudcd  twist  of  the  spire.  If  the  current  flows  from  -f-  to  — ,  and  the 
wire,  as  in  fig.  670,  turns  from  670 

loft  to  right  (like  the  hands  of 
a  watch),  then  the  north  pole 
of  the  magnet  is  toward  the 
left ;  but  if  the  spire  turns,  as 
in  fig.  671,  from  right  to  left, 

or  opposite   to   the  hands  of  .  ji    j^  m\   /\   j-\  .\   j-l    ,v    r\ 

a  watch,  then   the   poles   are    "^j  P  t^^LU^^^^^JJJJJ}  JJt 
reversed.     The  following  sim-  «B^^^^^S^^^^^^^S3eS^ 

pie  formula,  by  Faraday,  will  ^ 

always  enable  the  student  to  ^^1 

obtain  definite  notions  of  the  polarity  of  the  helix : — "  Let  a  person,'*  observei 
Faraday,  "  imagine  that  ho  is  looking  down  upon  the  dipping  needle,  or  norUi 
magnetic  pole  of  the  earth,  and  then  let  him  think  upon  the  direction  of  tb« 
motion  of  the  hand  of  a  watch,  or  of  a  screw  moving  direct;  currents  in  Ihftt 
direction  would  create  such  a  magnet  as  the  dipping-needle.'' 

If  the  helix  is  wound  on  a  tube  of  glass,  paper,  or  wood,  these  substance* 
ofier  no  resistance  to  the  passage  of  the  power;  but  if  a  tube  of  oopper  or  other 
metul  were  employed,  the  magnetizing  power  of  the  current  on  the  enclosed  btf 
would  be  destroyed. 

If  the  same  helix  is  wound  in  two  opposite  directions, »  in  fig.  672,  then,  accord- 
ing to  the  direction  of  the  current,  there  will  be  a  pair  of  north  poles  at  the 
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point  of  reversal  in  the  eeLtre  (or  a  pair  of  sonUi  ones),  and  the  two  ends  will 
have  the  same  name.     A  bar  of  steel  placed  in  such  a  helix  g>2 

will  remain  permanently  an  anomalous  magnet  (779).  He- 
▼ersing  the  position  of  the  bar  in  the  helix,  or  reversing  the 
position  of  the  electrodes  in  the  binding  cups,  will  reverse 
its  polarity. 

Arago'a  original  experiment.— If  a  short  conjunc- 
tive wire  of  copper,  or  any  non-conducting  metal,  is  strewn 
with  iron  filings,  they  will  arrange  themselves  as  seen  in 
ilg.  673,  not  bristling  as  in  the  magnetic  phantom,  with 
opposite  polarities  (777),  but  in*  close  concentric  rings,  disposed  over  the  whole 
length  of  the  eondnctor.   This  fact  was  observed  573 

by  Arago,  in  1824,  and  by  others,  before  the 
application  of  the  helix  to  the  induction  of 
magnetism  in  soft  iron. 

When  the  helix  is  closely  wound  with  many 
tnma  of  insulated  wire,  and  excited  by  a  bat- 
tery of  considerable  quantity,  a  cylinder  of 
•oft  iron,  as  a  6,  in  fig.  674,  will  be  drawn  into 
it  from  the  position  seen  in  the  figure,  with  great  power,  and,  after  several 
oscillations,  will  come  to  rest  in  the  middle  of  its  length,  in  .^ . 

opposition  to  gravity,  realizing  the  fable  of  Mahomet's  coffin, 
suspended  in  mid  air  without  visible  support  This  axial 
movement  is  availed  of  in  the  electro-magnetic  engine. 

913.  Electro-magnets. — Electro-magneta  are  masses 
of  soft  iron  wound  with  coils  of  closely  packed  and  insu- 
lated copper  wire,  varying  in  size  and  length,  according 
to  the  use  to  be  made  of  them.  Fig.  675  shows  the 
usual  form  of  those  designed  to  sustain  great  weights. 
The  spools,  A  and  B,  are  virtually  continuations  of  one  spool,  the  direc- 
tion of  the  whorl  being  apparently  reversed  by  the  bend  of  the  horse- 
shoe. If  a  lever  of  the  third  order  (113)  is  used  as  a  steelyard,  the 
lumber  of  heavy  weights  is  avoided  in  the  use  of  these  instruments, 
and  the  power  of  the  apparatus  is  easily  tested. 

Electro-magnets  develop  their  surprising  power  only  when  the  arma- 
ture is  in  contact  with  the  poles,  a  fact  due  to  induction ;  without  their 
armatures,  they  sustain  not  a  tenth  part  of  their  maximum  load.  They 
are  capable  of  over-saturation  by  an  excess  of  battery  power,  and  after 
that  ha8  been  cut  off,  they  retain  a  remarkable  residual  force  so  long 
as  the  keeper  is  in  place,  but  as  soon  as  the  armature  is  detached,  the 
whole  of  this  residual  magnetism  is  lost.  Their  polarity  is  instanta- 
neously reversed  by  reversing  the  poles  of  the  battery.  This  complete 
and  immediate  paralysis  and  reversal  of  power,  renders  these  magnets 
of  inestimable  value  in  experimental  researches. 

Sturgeon,  of  England,  in  1825,  appears  to  have  been  the  first  to  produce  soft 
54 
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iron  olectro-magneU.    Prof.  Henry,  and  Dr.  Ten  Sjek,  in  1830,  prodneed  tk 
first  clectro-magnots  of  great  power,  bj  a  new  mode  of  winding  the  indedag 
coil.    (Am.  Jour.  Sci.  [1]  XIX.  400.) 
Prof.  Uenry,  on  a  soft  iron  bar  of  flf^.nine  lbs.  weight,  used  twentj-siz  eoili 
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of  wire,  thirteen  on  each  leg,  all 
Joinod  to  a  common  conductor  by 
their  opposite  ends,  and  having 
an  aggregate  length  of  seven  hun- 
dred and  twenty -eight  feet  This 
apparatus,  with  a  battery  of  four 
and  ser en-ninths  feet  of  surface, 
BUittained  two  thousand  and  sixty- 
throe  pounds  avoirdupois  :  with  a 
little  larger  battery  surface  it  sus- 
taiuod  twoDty-five  hundred  lbs. 
This  electro-magnet  was  con- 
structed for  Yale  College  Labora- 
tor)%  in  1831,  and  is  still  among 
their  instruments. 

Mr.  J.  P.  Joule  (Annals  of 
Electricity,  V.  187),  in  1840, 
constructed  soft  iron  electro- 
magnets of  peculiar  form,  be- 
ing in  fact  tubes  with  very 
*hick  walls  cut  away  on  one 
lido  lengthwise,  and  wound  in 
\he  direction  of  the  length ; 
one  of  which,  weighing  15  lbs., 
licld  2090  lbs.,  equal  to  nearly 
140  times  its  own  weight  It 
WHS  wound  with  4  covered  cop- 
per wires,  ^^  inch  diameter,  and  each  23  feet  long  only,  the  length  of  the 
soft  iron  being  8  inches,  and  its  outer  diameter  three  inches.  Another 
magnet  weighing  1057  grains  supported  twelve  pounds,  or  1286  tinwi 
its  own  weight ;  and  a  very  minut«  one,  which  weighed  only  63*3  grains, 
carried  on  one  occasion  1417  grains,  or  2834  times  its  own  weight  The 
last  is  more  than  eleven  times  the  proportionate  load  of  the  celebrated 
magnet  of  Sir  Isaac  Newton,  {  806. 

014.  Page's  revolving  electro-magnet,  fig.  676,  affords  satisfactoiy 
etidenco  of  the  great  rapidity  with  which  a  mass  of  soft  iron  may  receive  sad 
part  with  magnetism,  having  its  polarity  reversed  also  by  a  change  of  position. 
In  this  instrument,  a  permanent  U-magnct  has  a  vertical  spindle  in  its  axis,  ob 
the  upper  end  of  which  is  placed  a  mass  of  soft  iron,  dc^tinetl  tu  receive  indnctd 
magnetism  through  the  covered  wire  with  which  it  is  wound,  and  whose  endssre 
represented  by  the  two  s:»rew  cups,  one  on  each  side.    By  a  simple  contrivance. 
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ealled  an  iDteimpter,  or  break-piece  (formed  by  sawing  a  silver  ferrule  on  the 
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axis  into  two  parts  by  vertical  slits),  the  continuity 
of  the  current  is  interrupted  twice  in  every  revolu- 
tion, when  the  position  of  the  armature  is  as  seen 
in  the  figure.  The  effect  of  this  arrangement  is  to 
pMralyse  the  magnetic  force  at  the  right  instant  to 
permit  the  momentum  of  the  mass  to  carry  the 
armature  by  the  poles  of  the  fixed  magnet,  when 
the  battery  connection  is  again  completed,  new 
magnetism  induced,  and  the  motion  continued  as 
before.  Suoh  a  little  magnetic  engine  may  revolve 
with  a  Telocity  of  2000  times  a  minute,  equal  to 
4000  reversals  of  polarity,— each  reversal  being 
aeeompanied  by  a  passive  interval,  when  the  soft 
iron  is  no  magnet. 

915.  Power  of  electro-magnets. — The 
power  of  electro-magnets  depends,  Ist,  on  the 
intensity  of  the  current ;  2d,  on  the  number 
of  whorls  in  the  helix ;  3d,  on  the  kind  and 
shape  of  the  iron  bar ;  4th,  on  the  form  and  size  of  the  keeper  or  arma- 
ture. These  points  have  been  studied  by  Lenz  and  Jacobi,  and  many 
others,  of  whom  the  results  of  Dub  are  the  most  recent.  Dub  distin- 
guishes between  magnetism,  attraction,  and  sustaining  power,  in  electro- 
magnets, confining  the  term  magnetism  to  the  magnetic  excitation  due 
to  the  Voltaic  current.  Lenz  and  Jacobi  measured  this  by  means  of  the 
induced  current  excited  by  the  vanishing  of  the  magnetism  to  which  it 
is  proportional.  When  a  second  bar  of  soft  iron  is  caused  to  approach 
the  first,  this  also  becomes  magnetic  (by  induction),  and  by  n-fold  mag- 
neiism,  n*  times  the  atiracihn  is  produced ;  until  actual  contact  hap- 
pens, when  this  ratio  is  no  longer  maintained. 

Dub  gives  the  following  summary  of  his  results: — 

1.  The  attraction  of  U-shaped  electro-magnets,  with  an  equal  number 
of  windings,  is  proportional  to  the  squares  of  the  magnetizing  current 
force. 

2.  The  attraction  of  U  magnets  is,  with  equal  currents,  proportional 
to  the  square  of  the  number  of  windings  of  the  magnetizing  spirals. 

3.  The  attraction  of  U  magnets  is  proportional  to  the  square  of  the 
current  force  multiplied  by  the  square  of  the  number  of  windings. 
[This  is  true  alike  for  attraction  and  sustaining  force,  both  in  straight 
and  in  U  magnets.] 

4.  The  magnetism  of  massive  cylinders  of  iron  of  equal  length, 
magnetized  by  Voltaic  currents  of  equal  force,  nnd  by  spirals  of  an 
equal  number  of  windings,  closely  surrounding  the  core,  is  accurately 
proportional  to  the  square  roots  of  the  diameters  of  these  cylinders. 

5.  For  the  particular  case  in  which  the  surface  of  contact  does  not 
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disturb  the  result,  the  attraction  and  sustaining  foree  are,  with  equl 
magnetizing  forces,  proportional  to  the  diameters  of  the  bar  or  U- 
magnets. 

6.  The  attraction  of  bar  and  U-shaped  electro-magnets  with  eqoal 
magnetizing  forces,  increases  the  nearer  the  whole  of  the  windings  are 
to  the  poles. 

7.  The  attraction,  *like  the  sustaining  force  of  U  electro-magnets— 
other  things  being  equal — remains  the  same,  whatever  be  the  distance 
of  the  branches  of  the  magnet. 

8.  The  length  of  the  branches  of  a  U-shaped  electro-magnet  has  do 
influence  on  its  attractive  or  sustiuning  force,  if  the  windings  of  the 
spiral  surround  its  whole  length. 

In  addition  to  these  laws,  the  author  has  found  that  the  attraction 
which  a  helix  or  spiral  exerts  upon  a  sof^  imn  bar  placed  in  lU  aiU, 
follows  the  same  law  as  an  electro-magnet ;  hence  it  follows,  that  :— 

9.  The  attraction  of  a  spiral  is  proportional  to  the  square  of  the  ma^!- 
netizing  current,  multiplied  by  the  square  of  the  number  of  windinps.* 

The  sustaining  power  of  an  electro-magnet  increases  with  the  mass 
of  the  armature  up  to  a  certain  point,  not  exceeding  the  mass  of  the 
electro-magnet  itself;  and,  moreover,  Liais  has  shown  that  an  arma 
ture  whoso  face  of  contact  is  not  over  one-third  the  breadth  of  the 
poles  to  which  it  is  applied,  gives  a  maximum  efiect. 

Fur  some  curious  results  with  circular  and  trifurcate  electro-magnets, 
and  the  applications  of  this  force  to  "break  up"  railway  trains,  con- 
sult the  papers  of  Prof.  Nicklfes  (Am.  Jour.  Sci.  [2],  XV.,  104  and  3l<»; 
and  XVI.,  110  and  337). 

91G.  Vibrations  and  musical  tones  from  induced  magnetism.— 

Dr.  Page,  in  1837,  noticed  the  production  of  a  musical  sound  from  a  mai^net, 
between  the  poles  of  which  a  flat  spiral  was  placed.  The  sound  was  beard 
whenever  contact  was  made  or  broken  between  the  coil  and  the  batterj.  Two 
notes  wore  distinguished,  one  the  proper  musical  tone  of  the  magnet,  and  the 
other  an  octave  higher.  De  la  Kivc,  Dclvzenno,  and  others,  have  cunfirmed 
and  extended  these  curious  observations.  The  existence  of  molecular  dtiitarb- 
ance  in  receiving  and  parting  with  magnetic  induction,  has  been  farther  illn»- 
trated  by  the  same  ingenious  observer,  bj  the  vibrations  imparted  to  Trevelljan'i 
bars  by  the  current  from  two  or  throe  cells  of  Grove's  battery.  (Am.  Jour.  Sn. 
[2],  IX.,  105.)  Trevellyan's  bars  are  prismatic  bars  of  brass,  hollow  on  on* 
side,  so  as  to  rest  by  sharp  edges  on  blocks  of  lead.  When  these  are  gently 
warmed,  and  then  laid  upon  the  leaden  blocks,  the  unequal  expansion  and  con- 
traction of  the  two  metals  gives  the  brass  bars  a  slight  motion  of  rihration. 
duo  to  molecular  disturbance  by  heat  A  Voltaic  current,  according  to  l»r. 
Page's  observation,  produces  the  same  effect  as  heat,  but  more  remarkably. 

917.  Electro-magnetic  motions  and  mechanical  pow^er.— The 
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fiwility  with  which  masses  of  soft  iroD  may  be  endued  with  enormous 
magnetic  power  by  currents  of  Voltaic  electricity,  and  again  discharged, 
or  reversed,  in  polarity,  has  led  to  numberless  contrivances  to  use  this 
power  as  a  mechanical  agent.  A  great  variety  of  pleasing  and  instruc- 
tive models  of  such  machines,  with  the  use  both  of  permanent  magnets 
and  of  electro-magnetic  armatures,  or  of  electro-magnets  only,  are 
described  in  Davis's  Manual  of  Magnetism.  The  revolving  armature, 
fig.  676,  is  one  of  these. 

We  annex  a  figure  of  an  electro-magnetic  engine,  similar  to  one  by 
which  Dr.  Page  obtained  a  useful  effect  of  ten  horse-power,  in  driving 
machinery,  and  transporting  a  railway  train.    A  and  B,  fig.  677,  are 
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two  very  powerful  helices  of  insulated  copper  wire,  within  which  are 
two  heavy  cylinders  of  soft  iron,  G  D,  counter-balanced  on  the  ends  of 
a  beam,  G  F  I,  like  the  working  beam  of  a  steam-engine.  By  the  move- 
ment of  an  eccentric,  L,  on  the  main  shaft  of  the  fly-wheel,  the  poles 
are  changed,  at  the  moment,  to  magnetize  and  de-magnetize,  alter- 
nately, the  two  helices,  drawing  into  them  the  two  soft  iron  cylinders, 
bj  a  force  of  many  hundred  pounds.  Prof.  W.  R.  Johnson  tested  the 
force  of  an  engine  of  this  kind  built  by  Dr.  Page,  in  1850,  and  found 
it  to  give  about  six  and  a  half  horse-power.  (Am.  Jour.  Sci.  [2],  X., 
472.) 

M.  Jacobi,  of  St  Petersbargh,  has  studied  this  subject  rery  carefullj,  and 
has  contrived  an  effective  form  of  rotating  machine,  very  similar  to  that  of 
Cook  and  Davenport,  so  well  known  in  the  United  States  in  1837.  Froment, 
of  Paris,  has  also  constructed  a  powerful  apparatus  of  this  sort,  in  which  arma< 
tares  of  soft  iron  on  the  periphery  of  a  wheel  are  drawn  towards  electro-magnets 
placed  radially. 

In  all  these  machines,  it  is  heat  developed  by  chemical  action  that  is  trans- 
formed, in  the  form  of  magnetic  attraction,  into  mechanical  work  (761).  As 
the  result  of  a  great  many  experiments,  Mr.  Joule  has  Bhov,ii  that  the  best  theo- 
retical result  from  the  heat,  equivalent  to  the  solution  of  a  grain  of  sine  in  a 
S4* 
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Y>att«i7,  i*  cig^t  J  lbs.  nised  one  foot  high.  But  a  grmn  of  coal  haned  ia  • 
Cornish  boiler,  raises  one  hundred  and  forty-three  Iba.  one  foot,  and  the  price  of 
the  coal  is  to  that  of  the  zino  as  9d.  per  owt  to  21ft  1.  per  cwt  Therefore,  nnder 
the  bcKt  conditions  (which  are  never  reached  in  practice),  the  magnetic  font  if 
25  times  dearer  than  that  of  steam.  Until,  therefore,  fine  is  cheaper  than  fotl, 
in  the  proportion  of  80  to  143,  coal  will  probablj  he  buroed  in  atmospberie  sir, 
preferably  to  the  combustion  of  sine  in  lulphnric  acid,  to  prodAe  mechaaieal 
work. 

918.  Conversion  of  magnetism  into  heat. — Foncanlt  has  shown  thit 
the  magnetism  induced  in  a  disc  of  copper  roTolring  between  the  poles  of  aneke- 
tro-magnct^isconvertedintoheat.  07g 

For  this  purpose,  a  powerful  elec- 
tro-magnet is  supported  upon  a 
basement,  fig.  678 ;  two  pieces  of 
soft  ir(»n  are  attached  to  the  poles 
of  the  magnet,  so  that  they  con- 
centrate, upon  the  two  faces  of  a 
metallic  disc,  their  magnetism  of 
induction.  This  disc  of  copper 
recoircs,  by  means  of  pulleys,  a 
rapid  revolution,  which  will  con- 
tinue for  a  long  time,  if  no  cur- 
rent exists  in  the  electro-magnet; 
but  if  a  current  from  a  battery 
of  two  or  three  cells  \»  parsed 
through  the  wire,  the  disc  is 
almost  immediately  stopped ;  if,  however,  against  this  resistance  the  disc  is  forced 
to  revolve,  the  expense  of  force  is  converted  into  ktat,  and  the  temperature  of 
the  disc  is  rapidly  raised. 

II.    DIAMAGNETISM. 

919.  Action  of  magnetism  on  light. — Fig.  679  shows  the  appt- 
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ratu0  designed  by  Ruhutkorff,  in  illastration  of  Faradaj^s  magoede 
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rotatory  polarizatioD  of  light  already  opoken  of  under  Optics  (560). 
Two  powerful  inducing  coils,  N  and  M,  surround  two  hollow  cylinders 
of  8uft  iron,  S  and  Q.  The  current  enters  the  bobbins  by  A,  and  fol- 
lowing the  direction  of  the  arrows,  returns  by  B.  The  two  coils  slide 
in  the  groove  in  the  base,  K,  on  the  two  supports,  00,  so  that  they 
may  be  approached  or  withdrawn  at  pleasure  by  turning  the  screws, 
Dt  m.  A  commutator,  or  interrupter  of  the  current,  is  arranged  at  H  n. 
At  a  and  b  are  two  NicoFs  prisms  (553),  of  which  a  has  a  vernier  or 
index,  reading  the  degrees  on  the  graduated  circle,  P.  To  make  the 
experiment,  a  piece  of  heavy  glass,  or  silicious-borate  of  lead,  c,  is 
placed  on  a  support  between  the  poles  S  and  Q.  A  ray  of  light  from 
the  candle,  polarized  by  the  prism,  6,  is  transmitted  through  the  glass 
in  the  axis  of  the  poles.  When  the  current  is  applied,  the  ray  of  light 
appears  to  be  revolved,  similarly  to  the  effect  produced  on  polarized  light 
by  quarti,  or  oil  of  turpentine  (556).  A  great  number  of  other  solids  and 
liquids  are  found  to  act  in  a  like  manner,  but  to  a  less  degree,  than  in 
the  case  of  *'  heavy  glass.''  As  no  rotation  of  the  ray  takes  place  unless 
there  is  some  medium  on  which  the  magnetism  may  act,  it  has  been 
argued  with  some  force  by  Becquerel  and  others,  that  the  action  is 
wholly  due  to  a  molecular  change  in  the  solid  under  experiment.  A 
reversal,  however,  of  the  direction  in  which  the  ray  travels,  reverses 
the  direction  of  rotation  in  the  polarized  ray,  a  circumstance  not  found 
in  bodies  in  the  natural  state.  This  apparatus  also  serves  to  illustrate 
the  phenomena  of  diamagnetism. 

920.  Diamagnetism. — We  have  already  (799)  alluded  to  the  action 
of  magnetism  upon  all  bodies,  discovered  by  Dr.  Faraday,  in  1846,  a 
discovery  which  alone  would  place  its  author  in  the  highest  rank  of 
modern  philosophers.  By  the  use  of  the  apparatus,  fig.  680,  he  proved 
that  every  substance  which  he  tried,  solid,  680 

fluid,  or  gaseous,  was  sub-  jsi  ^  _n 

jectto  magnetic  influence, 
assuming  either  the  equa- 
torial  or  CLxial  position , 
according  to  its  nature. 

For  solids,  and'  some  fla- 
ids,  fig.  681  shows  the  ar- 
raDgemeot.  Two  bluntly 
rounded  polar  pieces  of  soft 
iron  are  fitted  into  the  open- 
ings of  the  spools,  S  and  Q,  while  between  them  are  suspended  on  a  silk  fibre 
zvjyt*,  ntf  or  short  bars  of  the  various  magnetic  metals,  bismuth,  antimony,  cop- 
per, lead,  tin,  ^c.  If  the  cube  is  spinning  about  when  the  current  passes,  the 
fndaced  magnetism  arrests  its  motion  in  whatever  position  it  may  be ;  and  if 
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the  meUl  haa  the  form  of  a  little  bar,  it  reals  athwart  the  axia  like  a  eron.  If 
non-magncttc  liquids,  alcohol,  water,  and  most  saline  solutions,  are  confined  ii 
littlo  narrow  bottles  (like  homoeopathic  rials),  hung  like  m,  fig.  681,  tbcte  an 
similarly  affected.  If  they  are  filled,  howerer,  with  magnetic  solutions,  the  fslti 
of  iron,  nickel,  or  cobalt,  they  then  arrange  themseWes  axially. 

PlUcker  had  shown  that  if  these  magnetic  solutions  are  placed  in  watch- 
glasses  upon  the  poles,  S  Q,  as  in  fig.  680,  according  as  the  poles  are  nearer  or 
farther  asunder,  these  liquids  are  heaped  up  in  one  or  two  clcrations,  aa  is  A 
and  B. 

The  flame  of  a  candle  placed  between  the  poles,  S  Q,  flg.  682,  is  strongly  rs- 
pellud.  a  fact  tirut  obserycd  by  Father  Bancalari,  of  Genoa,  ^g] 

and  the  flames  of  combustible  gas  from  various  sources 
are  difibrently  aflectod,  both  by  the  nature  of  the  com-  ' 
bustible  and  by  the  nearness  of  the  poles.  The  flame 
from  turpentine  is  most  curiously  aflected,  being  thrown 
Into  the  form  of  a  parabola,  whoso  two  arms  stretch  upward 
a  great  distance,  and  uru  each  crowned  by  a  spiral  of 
smoke.  Oxygen,  which,  in  the  air,  is  powerfully  magnetic 
(79U),  becomes,  when  heated,  diamagnetic.  A  coil  of  pla- 
tinum wire,  heated  by  a  current  of  Voltaic  electricity,  and 
placed  beneath  the  poles  of  Faraday's  apparatus,  occasions  a  powerful  ap> 
ward  current  of  air,  but,  when  maguetitim  is  induced,  the  ascending  eurreat 
divides,  and  a  descending  current  flows  down  between  the  upwiurd  currents. 
The  following  Hot  expresses  the  order  of  some  of  the  most  common  paramag- 
netic substances,  viz. :  iron,  nickel,  cobalt,  manganese,  palladium,  crown-glass, 
platinum,  osmium.  The  xcro  is  vacuum.  The  diamagnetic^  are  arranged  in  the 
inverse  order,  commencing  with  the  most  neutral :  arsenic,  ether,  alcohol,  jrold. 
water,  mercury,  flint-glass,  tin,  <' heavy  glass,"  antimony,  phof>phoru!>,  hirmuth. 

Pliicker  has  further  demonstrated  the  important  fact,  that  the  optic  axis'  of 
Iceland  spar  is  repelled  by  the  magnet — a  fact  probably  true  of  many  crystals— 
in  some  of  which  the  magnetic  axis  is  parallel  to  the  longer  axis  of  crystallixa- 
tion.  Thus,  a  piece  of  kyauite  will,  under  the  influence  even  of  the  earth's 
magnetism,  arrange  itself  like  a  magnetic  needle. 

III.     ELECTRIC  TELEORArn. 

921.  Historical. — The  thought  of  making  telegraphic  communica- 
tions by  electricity  appears  to  have  suggested  itself  as  soon  as  it  was 
kuown  that  an  electrical  current  passed  over  a  conducting  wire  with- 
out sensible  loss  of  time.  The  following  brief  summary  of  weU-known 
historical  fact«,  will  serve  at  once  to  show  how  impossible  it  is  justly  to 
bestow  the  exclusive  merit  of  the  electric  telegraph  upon  any  inventor, 
while  at  the  same  time  it  strikingly  illustrates  what  is  true  of  every 
important  invention,  that  final  success  rescues  from  oblivion  many 
schemes  that  had  hardly  vitality  enough  in  their  day  to  find  a  place 
in  the  records  of  history. 

In  1747,  Dr.  J.' Watson  erected  a  telegraph  from  the  rooms  of  the  Boys! 
Society,  in  London,  for  two  miles  or  more,  over  the  chimney  tops,  using  frtc- 
tional  electricity  on  a  single  wire,  with  the  earth  for  a  return  circuit.  Is  1748, 
Dr.  Franklim  set  fire  to  spirits  of  wine  by  a  current  of  electricity  s«Bt  acioaa 
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the  Sohaylkill  on  a  wire,  mnd  retaining  by  the  riyer  and  the  earth.  In  1774, 
Ls  Saqb,  a  Frenchman,  established  at  Genera  an  electric  telegraph,  in  which 
he  used  twenty-four  wires  insulated  in  glass  tubes  buried  in  the  earth,  each 
wire  communicating  with  an  electroscope,  and  corresponding  to  a  letter  of  the 
alphabet,  and  excited  by  an  electrical  machine.  (Mognio  TraiUy  59.)  In  1787, 
Bbtancourt,  in  Spain,  made  an  effort  to  employ  electricity  for  telegraphiug  by 
passing  signals  from  a  Leyden  vial  over  wires  connecting  Madrid  with  Aran- 
joes,  a  distance  of  twenty-six  miles.  Salva,  in  1796,  also  presented  to  the 
Academy  of  Madrid,  a  plan  of  an  electric  telegraph  of  his  own  invention,  which 
received  the  patronage  of  the  Prince  of  Peace.  In  1800,  the  public  announce- 
ment of  Volta's  dincovery  of  the  pile  supplied  a  new  means  for  telegraphing, 
Ikr  more  certain  than  frictional  electricity,  and  accordingly  we  find,  th/H  in 
1811,  Prof.  SoBVVERiNG,  of  Munich,  proposed  to  the  Academy  in  that  city  a 
oomplete  plan,  with  details,  for  an  electro-chemical  telegraph,  in  which  he  used 
thirty-five  wires  (twenty-five  for  the  Qerman  alphabet,  and  ten  for  the  numerals), 
tipped  with  gold  and  covered  by  the  same  number  of  glass  tubes  filled  with  water, 
to  be  decomposed  whenever  the  corresponding  letter  or  numeral  was  touched  by 
the  battery  wire  on  a  key-board  at  the  other  end.  This  is  the  type  of  all  electro- 
chemical telegraphs.  Dr.  J.  Rkdman  Coxe,  of  Philadelphia,  in  1816,  in  Thomp- 
■on*s  Annals  of  Philosophy,  apparently  without  knowledge  of  Soemmering's  plan, 
proposes  a  «milar  one  by  the  use  of  Voltaic  electricity.  In  1819-20,  GSrsted's 
discovery  of  electro-magnetism,  and  Ampere's  development  of  the  subject,  opened 
the  way  to  electro-magnetic  telegraphy.  (Ersted  firdt,  and  then  Ampdre,  proposed 
the  plan  of  a  telegraph,  using  the  deflections  of  a  magnetic  needle  for  signals ;  the 
type  of  Wheatstone's  needle  telegraph ;  but  their  suggestions  wore  never  put  in 
practice.  In  1823,  Dr.  F.  Ronalds,  of  England,  published  a  volume  detailing 
the  plan  upon  which  he  had  previously  constructed  eight  miles  of  electric  tele- 
graph, and  in  which  he  used  a  movable  disc,  carrying  the  letters,  the  type  of  all 
dial  telegraphs.  In  1825,  William  Sturgeon,  of  Woolwich,  England,  made  the 
first  electro-magnet  of  soft  iron,  without  which,  further  progress  in  the  electro- 
magnetic telegraph  was  impossible.  Prof.  Joseph  Henry,  in  1830,  described  a 
mode  of  giving  greater  power  to  electro-magnets,  and  the  same  philosopher,  in 
1831,  devised  the  first  reciprocating  electro-magnet  and  vibrating  armature, 
including  also  the  principle  of  the  relay  magnet,  so  indispensable  an  auxiliary  in 
the  Morse  system.  (Am.  Jour.  Sci.  [J]  XX.  340.)  In  1834,  Messrs.  Webber 
and  (3auss  established  an  electro-magnetic  telegraph  at  Gottingen,  between  the 
Observatory  and  the  Physical  Cabinet  of  the  University,  and  used  it  for  all  the 
purposes  of  scientific  communication. 

In  1836,  Prof.  J.  F.  Danikll  invented  the  constant  battery  (874),  without 
whivn  any  mode  of  electric  telegraph  would  have  been  futile. 

In  1837 — a  year  over  memorable  in  telegraphic  history  for  the  first  general  and 
SDCcessful  introduction  of  the  electro-magnetic  telegraph — and  almost  at  the  same 
time  appeared  Morse,  in  the  U.  S. ;  Steinheil,  at  Munich;  and  Wheatstohe 
and  Cooke,  in  England;  as  distinct  and  independent  claimants  for  the  honor  of 
this  discovery.  Prof.  .1.  D.  Forbes,  the  able  historian  of  the  Physical  Sciences, 
in  the  eighth  edition  of  the  Encyclopedia  Brit.  America,  speaking  of  these 
inventions,  says:  "the  telegraph  of  the  two  last  (Steinheil  and  Whcatstone) 
resembles  in  principle  (Ersted's  and  Gauss's  :  that  of  the  first  (Morse)  is  entirely 
original,  and  consists  in  making  a  ribbon  of  paper  move  by  clock-work,  whilst 
interrupted  marks  are  impressed  upon  it  by  a  pen,"  kc.  e  »  «<  The  telegraphs 
of  Morse  have  the  inestimable  advantage,  that  they  preserve  a  permanent  record 
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of  the  deipatohM  which  thej  oonTey.**    This  adTuitage,  it  If  bat  just  to  mif, 
they  share  with  Bain's  olectro-ohemical  telegraph. 

922.  The  earth  oiroait.— Although  Dra.  Watsoa  and  FrankliB 
(1747-8)  used  the  earth  as  the  return  circuit  in  their  telegraphic  experi- 
ments, it  was  considered  essential  in  the  use  of  Voltaic  electricity  to  em- 
ploy at  least  two  wires,  until  Steinheil,  in  1837,  in  the  construction  of  his 
telegraph  at  Munich,  dispensed  with  the  whole  resistance  of  the  retnra 
wire  by  burying  a  large  plate  of  copper  at  each  station,  with  which  the 
circuit  wire  communicated.  This  certainly  must  be  esteemed  one  of  the 
most  important  discoveries  in  connection  with  the  telegraph ;  but  from 
some  cause  or  other  it  obtained  for  some  years  but  little  publidtj, 
although  described  at  length  in  the  CompUt-Rendtu,  of  Sept.  10, 1838. 
Bain  re-discoyered  the  same  fact  some  years  later,  and  Matteuoci,  of 
Pisa,  in  1843,  made  experiments  which  convinced  the  most  incredalous 
of  the  truth  of  this  important  fact 

Fig.  083  illostrates  the  mode  of  using  the  earth  eiroait,  now  nnirersal  in  all 
telegraphs^  S  and  S'  are  two  distant  stations,  with  their  batteries,  bb',  and  mag- 
nets m  m'.  A  wire  passing  over  insulating  posts,  through  the  air,  oonnecta  S  ao4 
8'.     One  pole  of  eaoh  battery  is  connected  with  the  earth  through  the  ma^eu, 
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ending  in  plates  of  copper,  P  P'.  Neither  battery  will,  however,  act,  onleis  one 
of  the  breaks,  or  finger-keys,  S  or  S',  is  depressed.  If  the  finger-key,  6,  if 
depressed,  the  circuit  consequently  is  completed  through  the  earthy  for  Uie  bat- 
tery, 6,  while  that  of  b'  remains  open.  The  arrows  ^how  the  course  of  the 
current,  and  this  will  be  reversed  when  the  circuit  at  S  is  closed.  The  explana- 
tion of  thi8  curious  fact  appears  to  be.  not  that  the  electricity  is  conducted  back 
by  the  earth  to  its  origin  at  the  battery,  but  that  the  molecular  disturbance  ia 
which  the  polarity  of  tlic  circuit  consi>(ts,  is  effectually  relieved  by  communica- 
tion with  the  common  reservoir  of  neutral  electricity  (815),  and  so  conduction 
proceeds  without  interruption.  Any  number  of  parallel  current*  may  thus  ««• 
exist  vithout  interference.     This  simple  device  saves  not  only  half  the  ezpeaie 
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9t  oonstnioting  lines,  bui  it  more  than  doubles  tbeir  power  of  eleotrical  trani- 
muuion.     For  the  rapiditj  of  the  current,  refor  to  §  818. 

923.  Varieties  of  electro-telegraphic  commanication. — There 
are  esaentially  but  two  modes  of  electro-telegraphic  communication, 
▼ii. :  the  eledro-mechanical  and  the  electro-chemical.  Various  and  seem- 
ingly unlike  as  are  the  numerous  ingenious  contrivances  for  this  purpose, 
thej  all  fall  under  one  of  these  two  divisions. 

The  electro-mechanioal  form  of  telegraphio  apparatus,  embraces 
the  needU  telegraph,  the  dial  telegraphs,  and  the  dectro-magnetic,  or 
recording  telegraphs :  both  those  which,  like  Morse's,  use  a  cipher,  and 
those,  like  House's,  which  print  in  legible  characters. 

The  electro-chemioal  telegraphs  (having  their  type  in  Soemmer- 
ing's  original  contrivance)  depend  on  the  production  of  a  visible  and 
permanent  effect,  as  the  result  of  some  chemical  decomposition  at  the 
remote  station ;  of  these.  Bain's  is  the  best  known. 

This  is  not  the  place,  had  we  time,  to  give  all  the  details  of  the  well- 
known  machines  in  use  for  telegraphic  purposes.  A  few  words,  stating 
the  principles  on  which  they  all  depend,  with  a  notice  of  two  or  three 
of  those  most  used  in  the  United  States,  must  suffice. 

As  the  needle  telegraph  of  Messrs.  Wheatstono  and  Cooke  (depend- 
ing on  the  deflection  of  a  needle  by  a  galvanometer  coil)  has  never  been 
used  in  this  country,  and  cannot  compete  with  either  of  the  systems 
adopted  here,  it  is  needless  to  describe  it.  It  requires  one  operator  to 
read  the  movements  of  the  needle,  and  another  to  record  the  message, 
and  its  average  capacity  is  not  over  ten  or  twelve  words  per  minute. 
The  dial  telegraph  of  Froment,  and  others,  is  open  to  the  same  objec- 
tions. 

924.  Morse's  recording  telegraph. — Every  electro-telegraphic  ap- 
paratus implies  the  use  of  at  least  two  instruments,  one  for  recording, 
and  one  for  transmitting  the  message.  Besides  these,  in  most  cases 
there  is  need  of  a  rday  magnet^  which  receives  the  circuit  current  and 
acts  to  bring  into  use  the  power  of  a  local  battery,  by  which  the  work 
of  recording  is  performed.  This  is  requisite  because  the  circuit  current 
is  usually  too  feeble  to  do  more  than  establish  a  communication  with 
the  local  battery.  Every  recording  instrument  has  a  clock-work,  or 
some  similar  mechanical  movement,  to  carry  forward  the  paper  fillet  on 
wbieb  the  record  is  impressed,  at  a  regular  rate  of  motion.  Fig.  684 
shows  the  Morse  recording  instrument. 

It  consists,  essentially,  of  a  simple  lover,  A,  with  a  soft  iron  armature,  D, 
over  the  electro-magnets,  E  F,  by  which  the  electrical  impulses  are  propagated 
to  the  pen  or  stylus,  o.  A  weight,  P,  gives  motion  to  a  train  of  wheels,  K  C,  by 
whieh  the  fillet  of  paper,  pp,  9  carried  over  the  rollers,  G  H,  in  the  direction  of 
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tbe  irrows.    A  feeble  ipring,  r,  withdnwi  the  pointy  o,  and  ammtur^  D,  wb« 
the  eleoirieity  eeaiet,  mnd  the  motioii  of  the  pen-lerw  If  fiurther  mijwi^  hj  tve 
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regulating  screws,  m  m,  that  can  be  set  at  pleasure.    The  battery  current  enters 
the  apparatus  at  the  binding  screws,  a  b. 

The  message  is  recorded  by  a  cipher  of  dots  and  dashes,  made  on  the  moring 
fiUot  by  the  point  of  the  pen-lever  The  lever  moves  in  obedience  to  the  impnlses 
of  the  operator  at  the  transmitting  station,  who  presses  the  "Jinger  ke^,"  for  a 
longer  or  shorter  instant,  according  to  what  he  would  transmit.  Every  motioi 
of  the  pen-lever  gives  a  sound,  corresponding  to  the  letter  communicated ;  and 
to  a  practiced  operator,  this  90und  becomes  a  definite  language,  which  his  ear 
interprets  with  unfailing  certainty, 
so  that  he  literally  hears  the  mes- 
sage and  translates  it  without  the 
necessity  of  looking  at  the  record. 
Fig.  685  shows  the  tpring  Jinger-key, 
by  which  messages  are  transmitted. 
The  Morse  instrument  has  the  ad- 
vantage of  great  mechanical  simpli- 
city, so  that  it  requires  but  little  ] 
skill  to  manage  it^  and  its  record' 
being  permanent  and  sufficiently 
rapid  for  all  ordinary  purposes,  it 
has  come  into  more  general  use  in 

the  United  States  than  any  other,  and  over  the  continent  of  Europe  has  alto  1 
very  generally  adopted.     Mr.  Morse  conceived  this  plan  of  telegraphic  i 
mission  in  1833,  but  it  was  only  in  1837  he  applied  for  his  first  patent^  and  ia 
1844  the  first  line  was  built  in  the  United  States,  from  Washington  to  Baltimoie. 

925.  Hoiuie*B  electro-printing  telegraph. — This  most  ingenioiit 
iDstrameDt  records  its  message  in  plain  printed  characters,  and,  as  a 
meohaniflm,  must  be  regarded  as  one  of  the  most  wonderful  resulti  of 
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inTentiTe  genius.    A  drawing  of  its  chief  parts,  some  of  the  details 
being  omitted,  is  seen  in  fig.  686. 
Its  chief  parts  are  a  key-board,  marked  with  the  letters  of  the  alphabet ;  a 
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i;^pe-wheel,  o,  on  which  the  letters  of  the  alphabet  arc  engraved  ;  a  helical  coil 
of  lino  wire  In  the  cylinder,  A,  in  connection  with  the  circuit,  and  which  oper- 
ates to  open  a  valve  for  the  emission  of  a  blast  of  air,  compressed  by  a  pump 
under  the  table  into  a  reservoir,  B.  The  purpose  of  this  blast  is  to  work  the 
escapement  regulating  the  motions  of  the  typo-wheel,  o.  This  is  the  only 
function  of  the  electricity  in  the  recording  machine ;  every  other  motion  is  a 
mechanical  one.  The  electricity,  by  opening  and  closing  the  air-valve,  regulates 
the  motion  of  the  type-wheel,  arresting  it  at  the  pleasure  of  the  operator  at  the 
dhtant  station,  who,  by  touching  on  his  key-board  the  letter  he  would  trans- 
mit, arrests  the  type-wheel  of  the  recording  instrument  at  that  letter;  a  simple 
mechanism  then  presses  the  fillet  of  papei^on  the  face  of  the  type,  and  moves 
it  forward  to  receive  the  next  impression.  Its  actions  are  quicker  than 
thought,  and,  owing  to  the  exact  duality  of  the  two  machines  in  every  part,  and 
the  perfect  equality  of  their  motion,  the  operator  transmitting  is  as  conscious  as 
him  receiving,  if  there  is  any  error,  aided  as  he  is  by  a  tell-tale  above  the  type- 
wheel,  showing,  in  our  design,  the  letter  A.  It  is  impossible,  without  many 
pages  of  detail,  and  minute  drawings  of  the  parts,  to  render  this  marvel  of 
mechanical  art  perfectly  intelligible.  But  the  general  thought  of  the  inventor 
is  clear  enough,  to  place  the  recording  apparatus  at  the  control  of  the  trans- 
mitting operator,  through  the  agency  of  compressed  air,  controlled  by  the  electric 
rnrrent,  and  controlling,  in  its  turn,  the  escapements  of  the  recording  apparatus. 
It  print!  about  one  hundred  letters  per  minute,  on  a  circuit  of  one  hundred  and 
fifty  miles. 

926.  Tbe  eleotro-chemical  telegraph  depends  on  the  decomposi- 
tion, by  the  electrical  current,  of  a  salt  of  iron  with  which  the  papei 
Allot  is  saturated,  and  the  production  of  a  blue  or  red  stain  upon  it. 
The  same  clock-work  movement  used  by  Morse,  carries  forward  the 
paper  over  a  metallic  cylinder,  which  is  one  pole  of  the  circuit,  while 
60 
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a  steel  pen  (if  a  blue  mark  is  intended,  or  copper,  if  red  is  intended), 
in  connection  vith  the  other  pole,  bears  steadily  opon  the  paper;  the 
lea!«t  transit  of  electric  force  decomposes  the  prussiate  of  potassa  iritb 
which  the  paper  is  charged,  producing  a  stain.  To  insure  the  damp- 
ness in  the  fillet  requisite  for  electrical  conduction,  Maison-NeuTe  hw 
proposed  to  charge  it  with  a  solution  of  nitrate  of  ammonia,  a  stlt 
whose  Attraction  for  moisture  is  such  that  the  paper  remains  always 
damp.  To  avoid  errors,  as  well  as  to  insure  greater  rapidity.  Bain, 
who  was  the  author  of  this  system,  proposed  to  prepare  the  messages, 
on  fillets  of  paper,  punched  with  holes  by  a  machine  called  a  compotUor 
or  multiplier.  Iluniaston  has  lately  so  improved  the  mechanism  of  this 
compositor,  that  it  is  possible,  by  combining  this  apparatus  with  the 
Biiin  system  of  reading,  to  transmit  not  less  than  three  thousand  signals 
per  minute,  equal  to  six  hundred,  letters,  or  one  hundred  and  twentj- 
fivc  words  of  five  letters  each.  The  punched  fillets  take  the  place  of 
tlu'.  finger-key  as  a  circuit  breaker  for  the  transmission  of  the  message. 

Autograph  telegraphic  messages  can  be  transmitted  by  the  elec- 
tro-chemical method,  l)y  writing  upon  the  transmitting  cylinder,  with 
solution  of  hardened  wax,  and  then  causing  a  tracing  point  to  traverse 
the  cylinder  with  a  close  spiral  from  end  to  end.  The  result  is,  the 
interruption  of  the  current  where  the  wax  is,  and  a  correpp-mding 
blank  space  left  on  the  paper  at  the  receiving  station.  The  uniuu  uf 
these  white  spaces  gives  what  was  written  in  wax,  as  a  white  character 
on  a  dark  ground. 

927.  Submarine  telegraphs — the  Atlantic  cable.— The  first  sub- 
marine telegraphic  cable  was  successfully  sunk  in  August,  1S51.  Ci>n- 
noi'ting  Dover,  in  England,  with  Franco,  at  Cape  Griz  Xez.  Since  that 
time,  numerous  other  submarine  cables  have  been  laid,  of  which  that 
tliTDUgh  the  Black  Sea  was  the  longest,  until  the  placing  of  the  Atlantic 
lahle  was  accomplished,  on  the  5th  of  August,  1858.  The  failure  of 
tliis  great  enterprise  is  now  believed  to  bo  attributable  to  injuries  received 
}»y  the  cable  before  submergence.  Its  failure  was  gradual, — over  400 
inns.sjiges  being  transmitted  before  it  became  totally  inactive. 

Kig.  6S7  phows  the  size  and  mode  of  construction  of  this  cable.  The  con- 
rlm.tinfr  wire  is  formed  of  pcvon  strands  of  No.  537 

'.\2  copper,  twistod  into  a  cord,  and  bufied  in 
nfmed  putta  pcrcha,  laid  on  by  machinery  in 
throo  coatings,  over  which  are  placed  several 
^trnnds  of  tarred  cord.  The  whole  i:*  encased 
in  seventeen  strands  of  iron  wire,  each  strand 
formed  of  seven  No.  30  iron  wires.  It  weighs 
abi)ut  two  thousand  lbs.  to  the  nautical  mile,  and  about  two  thonvand  miles  of 
it  lie  submerged  between  Valentia  Bay,  Ireland,  and  Trinity  Bay,  Newfound- 
land. The  shore  end  is  formed  of  ten  miles  of  much  stronger  cable,  eneloiiiiXi 
however,  the  same  couduclox. 
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The  problem  of  scientific  as  well  as  practical  interest  in  long  cables,  is  the 
possibility  of  transmitting  signals  through  them  with  sufficient  rapidity  for 
useful  purposes.  Faraday  has  shown  (Ept.  Res.  vol.  3d,  p.  507 — 523  and  575;, 
that  a  gutta-porcha  covered  wire  is,  when  jjubmerged  in  water,  in  very  different 
electrical  conditions  from  what  it  is  in  air.  In  the  water  it  .«iraulates  the  charac- 
ter of  the  electrical  condenser,  or  Leyden  vial,  and  when  thus  charged  by  induc- 
tion, must  be  discharged  before  a  second  wave  can  bo  transmitted  through  it; 
and  when  the  electric  pulses  are  frequent,  as  in  telegraphic  communications,  tho 
effect  of  the  electric  conflict^  as  (Ersted  originally  termed  it,  is  to  produce  a 
tremor  in  place  of  sharp  and  decided  beats.  Those  who  would  know  tho  history 
of  the  telegraph  more  in  detail,  will  consult  Scbaffncr*s  Telegraphic  Manual, 
and  Prescott's  History  and  Practice  of  the  Electric  Telegraph,  Boston,  1860. 

928.  Eleotrical  clockB  and  astronomical  records. — If  a  clook 
penduluDi  is,  by  any  mechanical  device,  made  to  open  and  close  the 
circuit  in  a  telegraphic  arrangement,  it  is  obvious,  that  if  the  clock 
beats  seconds,  these  will  appear  recorded  as  dqts  at  equal  intervals 
upon  the  paper  fillet  An  astronomer,  watching  the  transit  of  a  star 
across  the  wires  of  his  telescope,  with  his  hand  upon  the  finger-key  of 
the  same  circuit,  closes  it  at  the  exact  instant  of  time,  and  the  record 
of  the  passage  of  the  star  is  fixed  with  unerring  certainty  between  tho 
beats  of  the  clock  and  upon  the  same  fillet  which  bears  record  of  the 
time  in  seconds  and  their  subdivisions.  This  beautiful  system  is  wholly 
and  peculiarly  American,  as  the  clear  records  of  science  show,  and 
offers  incomparably  the  best  posnible  mode  of  determining  longitude 
differences.  The  names  of  Bache,  Bund,  Gould,  Locke,  Mitchel,  Sax- 
tun,  Walker,  Wilkes,  and  others,  are  inseparably  connected  with  the 
history  of  this  important  application  of  tho  telegraph,  for  the  details 
of  which  the  student  is  referred  to  the  American  Journal  of  Science, 
i.ie  proceedings  of  the  American  Association  for  the  advancement  of 
Science,  and  the  reports  of  the  United  States  Coast  Survey. 

Bain,  it  is  belioved,  coDstructcd  the  first  electrical  clock  (in  1842),  which  was 
mored  by  a  current  from  a  large  copper  and  zinc  plate  buried  in  the  earth,  or, 
better,  to  a  sine  plate  buried  in  charcoal.  By  any  simple  mechanical  arrange- 
ment, the  motion  of  the  pendulum  reverses  or  breaks  tho  current  at  every  beat, 
and  by  the  aid  of  a  stationary  magnet,  the  vibratory  movement  due  to  the  elec- 
tric current  is  strengthened  and  perpetuated.  It  is  possible  to  transmit  the 
same  electric  current  to  any  numl)cr  of  clocks,  in  the  same  place,  or  in  dificrent 
places,  and  thus  secure  exact  equality  of  time. 

Pir0-alarm. — Boston,  Philadelphia,  and  some  other  cities  are  providul 
with  a  telegraphic  system  due  to  Dr.  Chanuing  and  Mr.  Farmer,  by  which  a 
fire-alarm  is  sounded  simultancouiily  in  every  district :  a  detailed  description  of 
which  will  be  found  in  Am.  Jour.  Sci.  [2],  XIII.,  58. 

2  5.  Electro- dynamic  Indaction. 

I.    INDUCED  CURRENTS. 

929.  CairenU  indaoed  from  other  omrents.— Volta-electrio 
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indaotion. — The  phenomena  of  electro-magnetism  seem  to  point,  •• 
an  almost  necessary  consequence,  to  the  discovery  made  by  Faraday,  to 
1831-2,  of  induced  curreniSy  as  well  as  of  magneio-eleetrieity,  Fanultj 
argued  thus: — 

Ist.  That  as  a  wire  carrying  a  current  acts  like  a  magnet,  (Mere/on  it 
ought,  by  induction,  to  excite  a  etirrent  in  another  wire  near  it. 

2d.  Thai,  as  magnetism  is  induced  by  electric  currents,  so  magnets 
ought  also,  under  proper  conditions,  to  excite  electric  atrrenis. 

The  first  of  these  theses  Faraday  sustained  thus :  Let  a  double  helix, 
or  bobbin,  be  wound  of  two  parallel  silk-covered  wires,  about  a  cylin- 
der of  wood  (which  being  withdrawn  afterwards,  leaves  the  helix  hol- 
low), in  close  contact,  but  perfectly  insulated,  so  that  the  two  wires 
run  side  by  side  through  their  whole  course.  Let  the  ends,  a  b,  fig.  68S, 
of  one  wire  be  connected  with  a  (^gg 

galvanometer,  or  magnetizing  spi- 
ral, while  a  battery  current  enters 
the  other  wire  by  c,  and  passes 
out  by  d.  When  contact  ih  made 
between  c  and  the  battery,  the 
galvanometer  needle  is  deflected 
by  a  current  moving  in  \\\e  same 
direction  with  the  battery  or  pri- 
mary current.  This  deflection,  however,  is  only  for  a  brief  instant 
After  a  few  vibrations,  the  needle  comes  to  rest,  although  the  battery 
current  still  flows.  Break  now  the  contact  between  the  wire,  c,  i\m\ 
the  battery,  and  the  galvanometer  needle  is  again  deflected  by  a  second- 
ary or  induced  current;  but  this  time  it  moves  in  tiie  opjwsitt  iircctioti 
to  the  first.  These  are  called  secondary  or  induced  currents.  They  are 
momentary,  but  are  renewed  with  every  interruption  of  the  battery 
circuit,  and  their  strength  is  always  proportional  to  the  strength  of  the 
primary  or  inducing  current.  If  a  mass  of  soft  iron  (or,  better,  a 
bundle  of  soft  iron  wires)  is  placed  in  the  core  of  the  helix,  tlie  force 
of  the  induced  currents  is  greatly  increased.  This  action  of  a  current 
from  a  Voltaic  battery,  Faraday  called  VoUa-electric  induction. 

The  phenomena  of  influence  (828)  in  electricity  present  a  strong 
analogy  to  these  facts,  and  support  the  probability  that  the  secondary 
currents  in  the  case  of  Voltaic  induction,  are  also  due  to  decomposi- 
tion of  the  natural  electricity  of  the  second  wire,  by  the  current  un 
the  first.  In  fact,  a  current  of  statical  electricity  may  be  substitnted 
for  the  Voltaic  current  with  similar  results,  as  was  shown  by  Henry, 
in  1838  (Trans.  Am.  Phil,  fcy^.,  vol.  6,  N.  S.,  and  Am.  Jour.  Sci.  |1], 
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XXXVIII.,  209).  Fig.  689  is  a  conTenient  furin  of  apparatus  designed 
by  Matteacci,  for  this  experiment.  Two  coils  of  insulated  wire,  A  B, 
ftre  sustained  on  movable  feet,  ad- 
mitting of  near  approach.  When 
the  charge  of  a  Leyden  jar,  D,  is 
gassed  through  the  coil  c  (2  on  A,  a 
person  whose  hands  grasp  the  con- 
ductors, ik,  of  the  coil,  B,  will  re-  ' 
cei?e  a  shock,  the  violence  of  which 
increases  with  the  closer  approach 
of  A  and  B.  The  direction  of  the  current  in  B,  is  the  reverse  of  that 
in  A.  If  a  galvanometer  is  inserted  in  the  circuit  ih,  its  needle  is 
deflected,  or,  if  a  magnetizing  spiral  is  used,  needles  may  be  magnetized 
by  it. 

930.  Induced  ourrents  of  different  orders. — By  using  a  series  of 
flat  spirals  of  copper  ribbon  alternating  with  helices  of  fine  insulated 
copper  wire,  arranged  as  in  fig.  690,  Prof.  Uenry  (in  1838)  demonstrated 
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that  secondary  or  induced  currents  produced  other  induced  currents  of 
the  second,  third,  fourth,  and  so  on,  as  far  as  the  ninth  order.  Thus,  the 
flat  spiral,  A,  receiving  the  battery  current,  induces,  at  every  rupture 
of  that  current,  a  secondary  intense  current  of  opposite  name  in  B, 
while  the  second  flat  spiral,  C,  receives  from  B  a  quantity  current, 
inducing  a  tertiary  intense  current  in  the  second  fine  wire  spiral,  W, 
and  so  on.  The  signs  '■  and  —  alternate  after  the  first  remove  from 
the  battery  current,  as  is  easily  demonstrated  by  inserting  magnetizing 
spirals  in  the  conducting  wires,  and  using  steel  sewing-needles  as  tests. 
A  screen  or  disc  of  metal  introduced  between  any  two  of  691 

these  coils,  cuts  off"  the  inductive  influence.     But  if  the 
screen  has  a  slit,  a  6,  cut  from  the  centre  to  the  circum- 
ference, as  in  fig.  691,  the  induction  is  the  same  as  if  no 
screen  were  present.    Discs  or  screens  of  wood,  glass,  paper,  or  other 
non-conductors,  offer  no  impediment  to  this  induction. 
56* 
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930.  Bztra-oumnt,  or  the  indnotion  of  a  cmxeiit  on  ItMll— 
The  effect  of  a  long  and  stout  conduotor  in  giving  a  TiTid  spark  and 
shocks  from  a  single  cell  (which  alone,  or  with  a  short  oondacior,  gifts 
neither  sparks  nor  shocks),  was  first  noticed  in  1832  hy  Prof.  Hemy. 
(Am.  Jour.  Sci.  [1],  XXII.,  404.)  This  fact  was  afterwards  the  sabjeet 
of  investigation  by  Faraday,  in  December,  1834,  and  also  by  Hsniy, 
in  January,  1835.  The  arrangement  used  by  Prof.  Henry  is  seen  in 
fig.  692.    A  small  battery,  L,  b  connected  with  the  flat  spiral  of  oop- 
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per  ribbon,  A,  by  wires  from  the  battery  cups,  Z  and  C ;  when  this 
communication  is  broken  by  drawing  the  end  of  one  of  the  battery 
wires,  Z,  over  the  rasp,  a  brilliant  spark  is  seen  at  the  instant  of  hnak- 
ing  contact.  No  spark  is  drawn  on  making  contact.  Moreover,  if  a 
fine  wire  coil,  W,  is  placed  in  the  relation  to  A  shown  in  the  figure, 
there  is  only  a  feeble  spark  seen  on  breaking  the  battery  contact,— 
while  the  powerful  secondary  current  already  named  is  set  up  in  W, 
violently  convulsing  the  hands  which  grasp  its  terminals.  The  strong 
spark  from  the  large  flat  coil  or  single  wire  in  the  first  case,  is  then  the 
equivalent  of  the  current  which  would  be  produced  in  the  second  case, 
if  such  current  were  permitted.  This  reflux  current  induced  on  a  con- 
ductor, and  the  outflow  or  recoil  of  which  produces  vivid  sparks,  i? 
what  Faraday  calls  the  extra  current  In  powerful  coils,  this  extra 
current  produces  sparks,  the  report  of  which  resembles  the  explosion 
of  a  pistol,  especially  under  the  inductive  influence  of  a  powerful  eleo- 
tro-magnet,  as  in  the  engine  of  Dr.  Page,  already  noticed.  The  heavj 
coils  of  this  apparatus  produced  sparks  from  the  extra  current  fruni 
two  to  six  inches  in  length,  and  having  the  same  rotative  action  as  the 
conductor  itself.  (Am.  Jour.  Sci.  [2],  XL,  191.)  Many  forms  of  elec- 
tro-magnetic apparatus,  in  which  two  coils  are  combined,  show  the 
extra  current  in  a  striking  manner,  as  in  : — 

931.  Page*B  vibrating  armature  and  eleotrotome. — In  this  appa- 
ratus, fig.  693,  the  flow  of  the  battery  current  is  interrupted  by  the 
movements  of  the  bent  wire,  P  W  C.     At  M  is  a  bundle  of  soft  mm 
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wires,  formiDg  the  core  of  the  inducing  coil.  Becoming  magnetic,  these 

attract  a  small  mass  of  iron  on  the  end  of  P  to  M.    This  movement 

raises  the  other  end  out  of  the  mercury  in  the  cup,  C,  with  a  hrilliant 

•park,  due  to  the  flow  of  the  693 

extra  current,  the  magnetism 

haTing    disappeared    by  the 

break   of  the   battery  flow. 

Gravity  then  restores  the  wire 

to  its  original  position,  thus 

renewing  the  battery  current 

and  the  magnetism,  and  with 

it  the  spark  in  0.  A  fine  wire 

induction  coil  of  two  thousand 

or  three  thousand  feet,  wound  about  the  inducing  coil,  develops  the 

secondary  currents  already  noticed,  with  powerful  physiological  and 

other  inductive  effects,  resembling  statical  electricity. 

932.  Induced  oorrents  from  the  earth's  magnetism. — The  earth's 
magnetism  also  induces  electrical  currents  in  metallic  bodies  in  move- 
ment ;  another  of  the  discoveries  of  Faraday.  For  this  purpose,  a  helix 
in  the  form  of  a  ring  is  made  to  revolve  with  its  axis  at  right  angles  to 
Uie  magnetic  meridian,  and,  consequently,  each  point  of  the  ring  de- 
scribes circles  parallel  to  the  plane  of  this  meridian.  A  pole  changer 
on  the  axis  is  so  arranged  as  to  keep  the  induced  current  moving  always 
in  the  same  direction ;  when  so  arranged,  and  its  terminal  wires  are  con- 
nected with  a  galvanometer,  a  deviation  of  the  needle  indicates  the  flow 
of  a  current  to  the  cast  or  the  west,  according  to  the  direction  of  the 
rotation. 

933.  Conversion  of  dynamic  into  static  electricity. — The  in- 
duction coil. — By  careful  insulation  of  the  secondary  coil  of  fine  wire 
—as  well  in  itself  as  from  the  primary  or  magnetizing  wire — electricity 
of  high  tension  is  produced,  surpassing,  in  energy  and  abundance,  that 
from  machines  of  the  greatest  power.  Masson^  in  1842,  first  succeeded 
in  obtaining  these  results,  but  in  a  very  feeble  manner  compared  with 
those  we  now  know.  Ruhmkorff,  of  Paris,  in  1851,  constructed  the 
coils  which  bear  his  name.  By  careful  insulation  of  the  fine  wire 
ooil,  he  succeeded  in  producfng  sparks  of  about  two  inches  in  length 
between  the  electrodes,  charging  and  discharging  a  Leyden  jar  wifli 
astonishing  rapidity.  No  electrical  instrument  has,  in  modem  times, 
been  more  celebrated. 

Ritchie^  of  Boston,  has  so  vastly  improved  this  apparatus,  as  to  de- 
serve the  highest  praise  from  all  interested  in  physical  research. 
Ritchie's  form  of  the  induction  coil  is  shown  in  fig.  694.    The  cause 


628 


PHYSICS   OF  IMPONDERABLE   AGENTS. 


of  the  8U|ierioritj  in  the  American  apparatus  is  due  chieflj  to  the 
mode  of  winding  the  fine  wire  coil,  by  which  it  is  possible  to  use  with 
success  a  wire  of  eighty  thousand  feet  in  length,  while  the  limit  in  the 
inKtrumcnts  mode  by  Kuhmkorff  was  about  ten  thousand  feet  The 
extreme  length  of  spark  obtained  by  the  European  instrumentu,  wis, 
fur  tiie  French,  about  two  inches  (Jean's) ;  and  for  the  English, /ovr 
inches  (Ileardcr's) ;  the  American  instruments  have  projected  a  torrent 
of  spurkrt  over  sixteen  inches  in  free  air ;  while  the  one  shown  in  fig.  G9i 
is  limited  to  about  nine  inches. 

Tho  chief  parts  of  this  apparatus  are  the  two  coiis,  an  intemiptor  to  the  pri- 
mary circuit,  and  the  condenser. 
In  the  instrument  hero  figured, 
over  sixty-eight  thousand  feet 
of  silk-covered  copper  wire, 
the  softest  and  purest  possible, 
twelve  thousandths  of  an  inch 
in  diameter  (No.  32  of  the  wire 
gauge),  is  wound  upon  the  ex- 
terior bobbin,  C.  About  two 
bundretl  feet  of  wire,  one- 
seventh  of  an  inch  in  diameter 
(No.  9),  forms  the  .inducing 
wire,  whose  ends  -f-  and  —  mc 
visible  in  the  binding  screws 
on  the  bajio.  A  heavy  gloss 
boll,  a,  insulates  the  coils  from 
each  other,  and  its  foot  is 
turned  outwards  by  a  flange  as 
wide  as  the  thickness  of  the 
coil.  The  induction  coil,  for 
more  perfect  insulation,  i.x  aliiio 
encased  in  thick  gutla  perolia.  The  ends  of  this  coil  are  carried  by  gutta-per- 
cha covorud  conductors,  to  two  glass  insulating  stands  (only  one  nf  which  i» 
visible  in  our  figure),  where  they  end  in  sliding  rods  pointed  with  plntinam  at 
one  end,  and  having  balls  of  brass  at  the  other.  The  iutcrruptor  devised  by 
Mr.  Ritchie,  is  the  toothed  wheel.  6,  which  raises  a  spring  hammer,  the  bluvi 
of  which  fall  upon  the  anvil,  o,  breaking  contact  between  two  stout  pic«^»  of 
platinum.  The  European  machines  are  provided  with  a  telf-acling  break- 
piece;  but  experience  has  shown,  by  comparative  trials,  that  there  u  M 
advantage  in  varying  the  rapidity  of  the  interruptions,  according  to  the  clasi 
of  cflects  to  be  produced,  and  that  a  certain  time  is  requisite  for  tho  complete 
charge  and  discbarge  of  the  soft  iron  wires  (\hLch  form  the  core  of  the  battery 
<nrcuit),  longer  than  the  automatic  break-piece  allows. 

The  object  of  the  condmter  {^h\ch  is  due  to  Mr.  Fiieau)  is  tu  destroy,  by 
indnctiun,  tlie  greater  part  of  the  force  of  the  extra  current,  which,  owing  to  th« 
very  powerful  magnetism  developed  in  the  core  of  soft  iron  within  tho  batteiy 
coil,  would  otherwise  greatly  impair  the  power  of  the  apparatus,  as  it  mores  in 
i  direction  opposite  to  the  primary  current  (931).  The  condenser  consiits,  in 
vho  instrument  figured,  of  one  hundred  and  forty  square  feet  of  tin-foil,  ditided 
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iDto  three  seetions  (two  of  50,  and  one  of  40  foet),  wbose  termini  are  at  e.  The 
Ho -foil  of  the  condenser  is  carofally  insulated  by  triple  folds  of  oiled  silk,  and 
laid  away  in  the  base  of  the  instrument,  in  a  cell  prepared  for  it,  quite  out  of 
Tiew. 

The  battery  force  needed  to  excite  this  apparatus,  is  only  two  or  three  large- 
lised  cells  of  Bunsen's  battery. 

934.  Ziffects  of  the  induction  coil. — Tho  physiological  effects  are 
so  distressing  and  even  dangerous,  that  too  great  care  cannot  be  taken 
to  avoid  them.  M.  Quet  was  confined  to  his  bed  for  some  time,  after 
having  accidentally  received  the  shock.  Small  animals  are  instantly 
killed  by  its  discharge. 

The  laminons  efifects. — When  a  series  of  sparks  passes  between 
the  points  of  platinum,  or  between  the  balls,  they  are  of  a  zig;zag  form, 
and  accompanied  by  a  loud  noise  and  a  strong  odor  of  ozone.  Their 
color  is  violet  and  yellowish,  or  greenish  yellow.  If  the  points  are 
within  an  inch  or  two,  the  stream  of  sparks  appears  to  he  continuous, 
a  fourth  of  an  inch  broad,  surrounded  by  a  violet  areola,  and  crossed 
hy  numerous  lines  at  right  angles  to  its  path.  If  it  is  blown  by  the 
breath,  or  hy  a  bellows,  it  is  deflected  into  a  curve,  and  a  bright  flame 
is  seen  projected  for  some  distance  beyond  the  purple  or  violet  stream 
of  electric  light.  The  color  of  the  flame  varies  witH  the  nature  of  the 
electrodes  (885).  If  one  of  the  electrodes  is  covered  by  a  small  glass 
flask,  the  power  of  the  induction  is  such  that  a  stream  of  violet  elec- 
tricity 18  seen,  as  it  were,  to  pass  directly  through  the  glass,  while  the 
ball  of  the  flask  is  covered  with  a  magnificent  netrwork  of  violet  light, 
spread  out  like  the  hlood-vessels  upon  the  eye-ball. 

If  an  ^pinus  condenser,  or  a  Ley  den  jar,  is  put  in  the  path  of 
the  current,  the  length  of  the  spark  is  much  diminished,  but  its 
intensity  and  splendor  are  increased  twenty-fold.  The  electric  light 
then  becomes  intensely  white,  and  the  sound  of  the  explosion  of  the 
successive  sparks,  when  these  are  drawn  by  a  slow  movement  of  the 
break-piece,  is  like  the  snap  of  fulminating  mercury,  or  the  sound  of  a 
pistol,  while  the  electric  stream  appears  continuous.  If  a  Newton's 
chromatic  disc  is  caused  to  revolve  before  it,  each  spark  causes  the 
colors  of  the  revolving  disc  to  appear  stationary,  although  without  this 
evidence  of  an  intermittent  character,  the  stream  of  electricity  would 
appear  to  be  unbroken. 

Splendid  phenomena  of  Jluoreteenee  with  canary-colored  glass— chemical 
decompositions,  deflagrations  of  the  leaf  metals,  discharges  of  flashes  of  light- 
Bing  over  the  surface  of  a  metallic  mirror,  a  gilded  board,  or  wet  table,  and 
nvmerons  other  most  beautiful  and  instructiro  experiments,  are  made  with  this 
af  paratos.  Indeed,  nearly  all  the  phenomena  of  static  electricity  are  shown  by 
ity  and  some  of  them  with  a  power  which  no  frictional  apparatus  can  approach. 
It  U  euriooi  to  obserye,  that  the  sparks  of  this  kind  of  electricity  pass  freelj 
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from  pointed  wires  (828).  If  two  fine  iron  wires  are  nied  aa  the  eleetrodei,  tbe 
negative  wire  alone  reddens  and  bams,  unless  the  current  is  yery  energetic.  AH 
the  apparatus  used  for  showing  the  luminous  effects  of  machine  eleetridty, 
^  852,  may  be  employed  with  this  apparatus  with  vastly  greater  brilliancy. 

The  chemical  efiFects  of  the  induction  coil  are  shown  in  the  decom- 
position of  water,  &c.,  while  a  stream  of  sparks  from  it,  passed  through 
a  tube  containing  air,  soon  causes  the  production  of  reddish  Tapore  doe 
to  the  formation  of  hyponitric  acid  from  the  union  of  the  elements  of 
the  air.  Mr.  Gassiot  has  lately  shown  (Phil.  Mag.  Aug.  18G0)  that  the 
intensity  of  the  coil  is  such  as. to  transmit  electrolytic  effects  across 
glass,  or  apparently  through  the  walls  of  a  Florence  flask. 

935.  Light  of  these  corrents  in  a  vacnum. — The  difference  be- 
tween the  light  from  the  positive  and  the  negative  electrodes  has 
already  been  noticed.  Owing  to  the  absence  of  intense  effects  of  heat 
in  the  currents  from  the  induction  coil,  they  60S 

are  particularly  adapted  to  illustrate  this  dif- 
ference, especially  in  vacuo. 

In  a  vacuum  tube,  or  the  electrical  egg  well 
exhausted,  a  torrent  of  rosy  or  violet  fire  falls, 
from  the  positive  electrode  above,  toward  the 
negative,  which  is  surrounded  with  a  blue  and 
white  light,  extending  down  the  stem,  with 
splendid  fluorescence  (533).  If  the  vacuum  is 
made  upon  vapor  of  turpentine,  or  of  phosphorus 
in  the  egg,  or  in  an  auroral  tube,  a  most  wonder- 
ful phenomena  shows  itself;  t?ie  stratification 
of  the  electrical  light  in  alternate  bands  of  light 
and  darkness,  surrounding  and  depending  from 
the  povsitive  pole,  as  indicated  in  fig.  695.  This 
curious  phenomenon  was  first  observed  by  Mr. 
Grove.  Vapor  of  alcohol,  wood-naptha,  biclorid 
of  tin,  or  bisulphid  of  carbon,  may  be  used,  each 
with  a  different  effect. 

Mr.  Gassiot  has  studied  with  great  care  the 
character  of  the  spark  in  vacuums  formed  on 
various  gases  and  vapors,  and  has  established 
the  curious  fact,  that  in  a  perfect  Torricellian 
vacuum,  the  spark  will  not  pass,  showing  that 
an  extremely  tenuous  vapor  is  essential  to  its  passage.  These  facta 
bear  in  an  important  manner  on  the  phenomena  of  the  Aurora  Borealis. 

GaBsiot's  cascade  in  vacao. — If  we  place  in  a  vacuum  a  g«)blet 
coated  with  tin-foil  in  the  manner  of  a  Leyden  jar,  and  carry  the  induf- 
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faon  current  to  its  bottom  by  means  of  a  wire  passing  through  the  cap 
of  the  air-bell,  as  in  fig.  696,  the  other  electrode  being  in  communication 
with  the  air-pump  plate  on  which  the  whole  appa-  696 

ratus  stands,  we  are  delighted  to  see,  when  the  cur- 
rent is  established  from  the  induction  coil,  the  vase 
overflow  like  a  fountain  with  a  gentle  cascade  of 
light,  wavy  and  gauze-like,  falling  like  an  auroral 
vapor  on  the  metallic  base.  This  experiment  re- 
quires a  very  good  vacuum,  and  is  certainly  one 
of  the  most  beautiful  exhibitions  in  luminous  elec- 
tricity. 

936.  Rotation  of  the  electric  light  about 
a  magnet. — ^We  here  recall  the  early  observa- 
tion of  Davy,  {  883,  on  the  influence  of  a  magnet  I 
on  the  Voltaic  arc.  If  an  electro-magnet  is  enclosed  in  the  elec- 
trical egg,  and  a  very  perfect  vacuum  is  made  within  it,  when  the 
induction  current  is  caused  to  flow,  the  electrical 
stream  is  seen  to  revolve  in  a  steady  and  easy  man- 
ner about  the  magnet,  the  direction  of  its  motion 
corresponding  to  the  polarity  of  the  magnet.  In 
fig.  697  is  shown  such  an  apparatus.  The  magnet 
here  is  a  bundle  of  soft  iron  wires  enclosed  in  a 
glass  tube,  and  passing  through  the  foot,  so  that 
when  the  instrument  is  placed  on  one  pole  of  an 
electro-magnet,  the  mass  of  wires  may  be  magnetized 
inductively.  Two  platinum  wires  -f  and  —  pass  in 
glass  tubes  hermetically  through  the  walls  of  the 
vessel,  into  the  vacuum  and  form  the  points  of  attach- 
ment for  the  electrodes. 

937.  Applications  have  been  made  of  the  induc- 
tion current  for  firing  blasts  and  sub-aqueous  maga- 
sines,  and  also  for  lighting  simultaneously  all  the  gas  burners  in  a  lanre 
audience  room  or  theatre. 

El&Urical  blasting  by  Ruhmkorff'a  coil  is  easily  accomplished  by  tl»* 
use  of  Stateham's  fuse,  fig.  898 

698,  which  is  only  a  gutta-per- 
cha covered  conductor,  AB, 
in  which  the  discharge  is  in- 
terrupted at  points,  a 6,  buried 
in  the  gunpowder,  producing  i^ 
its  conibu  tion,  even  at  a  dis- 
tance of  many  miles,  and  in  many  distinct  mines,  or  blast  boles,  &«• 
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ooMivelj,  but  almost  at  the  same  instant.  Dr.  Hare  first  employed  bii 
calori motors  for  electrical  blasting  Iq  1831.  (Am.  Jour.  ScL  [1]  XXL 
139.)  But  the  use  of  an  extended  battery,  and  all  uncertainty,  is 
avoided  by  using  the  induction  coil.  Ruhmkorff,  in  experiments  nitde 
at  Villette,  inflamed  gunpowder  with  this  ooil  through  aboat  sixteen 
miles.  In  excavating  the  Napoleon  docks  at  Cherbourg,  lately,  over 
65,000  cubic  yards  of  rock  were  thrown  out  by  one  series  of  blasts  fired 
in  this  way. 

II.     MAONETO-BLXCTRICITY. 

938.  Currents  induced  by  magnets. — If  the  helix  in  fig.  G99  is 
connected  with  a  galvanometer,  and  a  bar  magnet  is  quickly  tbnut 
into,  and  suddenly  withdrawn  from  it,  609 

the  needle  of  the  galvanometer  indi- 
cates the  movement  of  a  current  of 
electricity  opposite  in  the  two  cases, 
and.  whose  direction  in  each  case  is  : 
opposite  to  that  of  a  current  which,  on 
Ampere's  theory,  would  produce  a 
magnet  like  the  one  employed.  It  is 
hardly  needful  to  suy  that  reversing 
the  ends  of  the  bar  magnet,  reverses  the  movements  of  the  galvano* 
meter.     This  is  a  case  of  magnetic  electric  induction. 

This  fact  is  also  illustrated  in  other  modes,  viz. : — 

a.  By  revolving  a  circular  plate  of  copper  between  the  poles  of  a 
horse-shoe  magnet  (arranged  in  general  like  fig.  678),  the  axis  of  the 

700 


copper  being  in  connection  with  one  pole,  and  the  edge  with  the  other, 
a  series  of  sparks  may  be  obtained,  as  in  Faraday's  original  experimenfe* 
some  device  being  inserted  to  interrupt  the  current  during  the  revolo- 
tion. 
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6.  By  a  hdix  on  the  armature  of  a  magnet,  the  ends  of  the  helix  being 
connected  with  the  poles  respectively,  on  suddenly  sliding  the  armature 
from  the  poles  of  the  magnet,  a  spark  is  seen,  and  if  the  fingers  gra^p  the 
wires  at  the  same  time,  a  shock  follows.  This  fact  was  first  announced 
in  December,  1831,  by  Srs.  Nobili  and  Antinori.  Saxtou  constructed 
the  first  magneto^lectric  machine  in  which  the  armature,  wound  with 
a  helix,  was  made  to  revolve  in  front  of  the  poles  of  a  magnet,  and  so  to 
reproduce  all  the  phenomena  of  static  and  voltaic  electricity  from  per- 
manent magnets.  Fig.  700  shows  an  improved  form  of  Saxton's  appa- 
ratus, where  the  double  inducing  coil  revolves  by  means  of  a  motor 
wheel  and  band^between  the  poles  of  two  powerful  magnetic  batteries. 
The  magnetic  electric-induction  is  interrupted  by  the  little  crown-wheel 
seen  on  the  upper  end  of  the  axis  of  the  revolving  coils. 

Clarke's  magneto- electric  apparatus.— This  apparatas  is  a  modi- 
floation  of  Sazton's,  and  consist*  of  a 
powerftil  magnetio  battery,  A,  fig.  701, 
elamped  on  the  npright  board,  R,  by  the 
elamp  C.  The  wheel,  F,  pots  in  motion 
two  helices,  H  6,  wound  npon  a  rotating 
armature  of  soft  iron.  The  electrical  cur- 
rent induced  in  the  coils  is  interrupted  by 
the  spring,  or  hook,  Q,  which  rubs  on  the 
interrupted  back  piece,  H,  while  the  circuit 
b  completed  by  the  hook,  0,  passing  upon 
the  continuous  part  of  the  spindle,  R.  A 
stoat  wire,  T,  movable  at  pleasure,  con- 
nects the  two  sides,  M  and  N,  otherwise 
insulated  by  the  piece  of  dry  wood,  L. 
When  the  coils  are  rapidly  rotated  before  ' 
the  poles  of  the  magnet,  the  current  is  in- 
terrupted twice  in  every  revolution  by  the  . 
hook,  Q,  with  the  production  of  a  brilliant 
spark.  If  the  coils  are  composed  of  a  long 
and  fine  wire,  then  powerful  shocks  will  be 
experienced  by  one  holding  the  handlcji  K 
and  S.  but  capable  of  a  great  grnduution,  by  changing  the  position  of  the  break- 
piece,  U,  with  reference  to  the  point  of  the  revolution  when  it  leaves  Q.  These 
shocks  may  be  made  quite  intolera-  702 

ble. 

If  the  conducting  wires  of  the 
intensity  coil  terminate  in  a  decom- 
posing apparatus,  fig.  702,   trains  | 
of  minute  gas  bubbles  are  seen  to^ 
rise  from  the  platinum  points  under 
the  tubes,  showing  the  production 
cf  dynamic  from  magnetic  electri- 
city.    Other  effects  of  the  intense 
eiass,  as  the  decomposition  of  iodid 
of  potasflinm,  may  also  be  produced  with  it.    Substituting  a  coil  of  large  wire 
56 
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not  over  two  hondred  feet  long,  for  the  small  long  wire,  Um  qmmtiijf  arwutmn  u 

prodaoed,  from  which  brilliant  sparka,  the  deflagration  of  mereary,  and  aetUag 

fire  to  ether,  aa  in  fig.  703,  may  be  produced;  meroary,  in  »  eopper  apoon,  B,  it 

touched  by  the  reyoWing  pointa,  A,  on  the  end  703 

of  the  axis,  <i,  and  with  erery  diamption  of 

the  circait,  the  extra  onrrent  diaoharges  with 

splendid  effect    A  platinum  wire  may  alao  be 

ignited,   and    eleotro-magneta    charged   by  the 

aame  annatnrea.    Thua  we  see  all  the  eflfecta  of 

electricity,  phyaical  and  phyaiologioal,  eomiag 

from  a  magnet. 


939.  Identity  of  electricity  from 
wliatever  sonroe. — It  follows  from  all 
that  has  been  said,  that  the  phenomena  of 
magnetic,  static,  and  dynamic  electricity, 
are  all  capable  of  being  prodaoed  each  by 
the  other;  and  the  conclusion  seems  war- 
ranted thai  electricity,  from  whatever  source,  is  one  and  the  same 
power. 

Numeroua  and  inatmctiye  forms  of  apparatus  hare  been  deriaed  to  demon, 
strate  this  point,  as  well  also  as  to  illustrate  in  detail,  the  principles  we  hare, 
for  want  of  space,  been  compelled  to  state  in  terms  too  concise.  The  student 
and  teacher  will  find  it  usefdl  to  consult  the  figures  of  Dayis's  Manual  of  Mag- 
netism for  various  forms  of  apparatus,  due  to  the  ingenuity  of  Faraday,  Dr.  Page, 
and  many  others.  For  works  of  standard  authority,  he  is  referred  to  Faraday's 
experimental  researches,  and  De  La  RiTc's  treatise  on  electricity,  each  in  three 
volumes. 

{  6.   Other  Soorces  of  Electrical  Excitement. 

940.  Universality  of  electrical  excitement. — Every  change  in 
the  physical  or  chemical  condition  of  matter,  seems  to  be  attended 
with  electrical  excitement.  This  is  evident  from  the  phenomena 
attending  the  cleavage,  or  pulverising,  of  many  minerals  and  crys- 
tallized substances,  as  sugar,  mica,  sine-blende,  and  numerous  other 
substances  which  evolve  light  when  suddenly  cleaved.  If  precautions 
are  taken  to  insulate  these,  as  with  mica  it  is  easy  to  do,  by  sealing 
wax,  they  also  show  the  effects  of  electrical  excitement  by  the  con- 
denser. The  production  of  crystals  is  often  also  accompanied  by  elec- 
trical light 

Combustion,  evaporation,  the  escape  of  gas  attending  chemical  truis- 
formations,  chemical  decompositions  and  combinations,  have  all  been 
known  to  evolve  electricity  when  properly  observed ;  but  in  most  such 
cases,  the  phenomena  are  too  complicated  to  render  it  clear  to  which, 
if  indeed  to  any  single  action  of  those  enumerated,  the  excitement  if 
due. 
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The  electrical  currents  set  up  by  heat  (thermo-electricity),  and  those 
arising  from  the  phenomena  of  life  (animal  electricity),  are  the  most 
important  of  all  sources  of  electricity  not  before  dwelt  on,  and  to  them 
we  will  now  briefly  advert. 

I.    THERMO-BLECTRICITT. 

941.  Thermo-electrioity. — The  discovery  of  this  source  of  olec-' 
irical  currents  is  due  to  Seebeck,  of  Berlin,  in  1821.  He  found  that 
if  two  metals  of  unlike  crystalline  texture  and  conducting  power  are 
united  by  solder,  and  the  point  of  junction  is  either  heated  or  cooled, 
an  electrical  current  is  excited,  which  in  general  flows  from  the  point 
of  jonotion  to  that  metal  which  is  the  poorer  conductor.  Fig.  705 
showB  such  an  arrangement  of  two  little  bars  of  bismuth  and  anti- 
mony. When  the  junction,  «, 
is  heated,  a  current  of  positive 
electricity  flows  from  the  bis- 
muth, 6,  to  the  antimony,  a.  If 
the  form  of  a  rectangle  is  given 
to  this  arrangement,  as  in  fig. 
704,  an  instrument  resembling 
Schweigger's  multiplier  is  form- 
ed (905),  by  which  the  magnetic  needle  is  deflected.  A  twisted  wire 
also  produces  a  thermo-electric  current  when  the  twisted  portion  is 
gently  heated,  and,  besides  metals,  other  solids,  and  even  fluids,  give 
rise  to  this  species  of  electricity.  The  order  in  which  the  metals  stand 
in  reference  to  this  power  is  wholly  unlike  the  Voltaic  series,  and 
appears  related  to  no  other  known  property  of  these  elements.  The 
rank  of  the  principal  metals  in  the  thermo-electric  series  is  as  follows, 
as  determined  by  Becquerel : — The  numbers  prefixed  give  the  order  of 
each  metal  in  the  table  of  specific  heats  as  determined  by  Regnault. 
Those  having  the  highest  specific  heat,  as  a  general  rule,  beiog  first  in 
positive  power  (+)  in  the  thermo-electric  magnet :  6  antimony ;  1  iron ; 
2  zinc ;  4  silver ;  7  gold ;  3  copper ;  5  tin ;  9  lead ;  8  platinum ;  10 
silver. 

When  the  junction  of  any  pair  of  these  is  heated,  the  current  passes 
from  that  which  is  highest,  to  that  which  is  lowest  in  the  list,  the  ex- 
tremes affording  the  most  powerful  combination. 

Becquerel  has  found  the  intensity  of  the  current  in  a  thermo-electric 
combination  to  be  proportional  to  the  difference  of  temperature  in  the 
Bolderings  up  to  100*  or  120**  F.,  one  of  the  points  being  at  32®.  Above 
this  limit,  the  increase  of  intensity  is  less  and  less,  with  an  increase  ol^ 
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heat.    In  a  couple  of  copper  and  iron,  the  inerease  of  eamnt  was  in* 
sensible  near  570**  P.   . 

In  a  compound  thermo-electric  series,  iDU)n8e  effects,  analogous  to 
those  of  the  V.oltaic  pile,  are  obtained  only  when  half  70f 

the    solderings    are    heated,    the    alternates    being 
cooled. 

Thermo-electric  motions. — If  a  compound  ring 
of  brass  and  German-silver  is  suspended  within  the 
poles  of  a  magnet,  as  in  fig.  706,  when  the  soldering 
of  the  ring  is  heated,  a  revolution  is  set  up,  through 
the  influence  of  the  magnet  on  the  electric  current, 
quite  analogous  to  similar  electro-magnetic  motions. 

Cold  produced  by  electrical  corrents. — If  we 
pass  a  feeble  current  of  electricity  through  a  pair  of 
antimony  and  bismuth,  the  temperature  of  the  system 
rises,  if  the  current  passes  from  the  former  to  the 
latter ;  but  if  from  the  bismuth  to  the  antimony,  cold  is  prodoced  in 
the  compound  bar.  If  the  reduction  of  temperature  is  slightly  aided 
artificially,  water  contained  in  a  cavity  in  one  of  the  bars  may  be  froien. 
Thus  we  see  that,  as  a  change  of  temperature  disturbs  the  electrical 
equilibrium,  so,  conversely,  the  disturbance  of  the  latter  produces  the 
former. 

942.  Melloni's  thermo-mnltiplier. — We  have  already  alluded  (o 
this  delicate  metallic  thermometer,  {  588,  and  have  shown  its  applica- 
tion in  the  phenomena  of  dia-  708  707 
thermancy  (642).  This  instru- 
ment consists  of  a  series  of 
small  bars  of  antimony  and  bis- 
muth, a  and  6,  fig.  707,  soldered 
together  at  their  alternate  ends. 
Two  wires  connect  the  opposite 
members,  n  and  m,  fig.  708,  of 
this  battery,  with  a  galvanome- 
ter. Tiie  needle  of  the  galva- 
nometer is  suspended  over  a  graduated  circle,  and  moves  in  exact 
accordance  with  a  thermo-electric  current  produced  by  the  battery. 
The  least  difference  in  temperature  between  the  opposite  faces  of  this 
battery,  produces  a  thermo-electric  current,  deflecting  the  needle  of 
the  galvanometer,  fig.  658,  as  already  explained  in  {  642. 

II.    ANIMAL  ELECTRICITY. 

943.  The  galvanic  current.— We  have  already  spofen  of  the  di* 
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eovery  by  Galvani  of  electrioal  carrents  in  animals,  living,  or  recently 
dead,  flowing  from  the  outer  or  cotaneous,  to  the  inner  or         709 
mucous  surfaoe.    Thus,  when  contact  is  made  between  the 
muscles  of  the  thigh  and  the  lumbar  nerves,  by  bending 
the  legs  of  a  vigorous  frog,  fig.  709,  contractions  imme-( 
diately  follow.     Aldini,  who  was  a  zealous  advocate  'of 
Oalvani's  views,  during  the  controversy  between  the  fol- 
lowers of  Ghdvani  and  Yolta,  demonstrated  the  existence 
of  such  a  current  in  other  animals  by  the  legs  of  a  frog  used 
as  a  galvaDoscope.     For  this  purpose,  he  brought  the 
lumbar  nerve  of  a  frog,  held  as  in  fig.  710,  in  contact  with 
the  tongue  of  an  ox  lately  killed,  while  the  hand  of  the  operator,  wet 
with  ealt  water,  grasped  an  ear  of  the  ani- 
mal to  complete  the  circuit.    The  legs  were 
then  oonvalsed  as  often  as  the  nerves  touch 
the  muoous  surface  of  the  tongue.  The  same 
delicate  electroscope  also  shows  similar  ex- 
citement when  its  pendulous  ischiatic  nerves 
touch  the  human  tongue, — the  toe  of  the 
frog  being    held   between    the  moistened 
thumb  and  finger  of  the  experimenter. 

Mattencci,  of  Pisa,  in  1837  (forty  years 
after  Oalvani's  result  was  obtained),  has  the  -j 
merit  of  reviving  Ghilvani's  original  and  cor- 
rect opinion  as  to  the  vital  source  of  this 
electricity.  He  demonstrated,  that  a  current  of  positive  electricity  is 
always  circulating  from  the  interior  to  the  exterior  of  a  muscle,  and  that, 
although  the  quantity  is  exceedingly  small,  yet,  by  arranging  a  series  of 
moaoles,  having  their  exterior  and  interior  surfaces  alternately  con- 
nected, he  produced  suffi  ^^^ 
eient  electricity  to  cause 
decided  effects.  By  a  series 
of  half  thighs  of  frogs,  r~7 
arranged  as  in  fig.  711,  he  ^. 
decomposed  the  iodid  of 

potassium,  deflected  a  galvanometer  needle  to  90°,  and,  by 
a  oondenser,  caused  the  gold  leaves  of  an  electroscope  to 
diverge.  The  irritable  muscles  of  the  frog's  legs  form  an 
electroscope  fifty-six  thousand  times  more  delicate  than  the 
most  delicate  gold-leaf  electrometer.  When  the  pendulous 
nerve  of  a  single  leg,  arranged  in  a  glass  tube,  as  in  dg,  712, 
is  touched  in  the  places  where  electrical  excitement  ia  suspected,  the 
60» 
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muscles  in  the  tube  are  instantly  ooovulsed.  Dn  Bois  Rayniona,  of 
Vienna,  has  demonstrated  the  existence  of  these  currents,  in  bi«  own 
person,  by  the  use  of  the  galvanometer,  for  which  purpose  the  mu«elfi 
of  the  hands  and  arms  are  alternately  contracted  on  a  metallic  bar  in 
connection  with  a  galvanometer. 

944.  ElectHoal  anltnaUi. — In  some  marine  and  fresh-water  ani- 
mals, a  special  apparatus  exists,  adapted  to  produce,  at  pleasure,  pow- 
erful currents  of  statical  electricity,  either  as  a  means  of  defence,  or  of 
capturing  their  prey.    Of  these,  the  electrical  eel,  of  Surinsni,  firet 
described  by  Humboldt,  and  the  cramp-fish^  or  torpedo,  a  flat  fish  foaiul 
on  our  own  coast,  are  the  most  remarkable.     They  have  an  alternate 
arrangement  of  cellular  tissue  and  nervous  matter  in  thin  vlates  of  a 
polygonal  form,  constituting  a  perpetually  charged  electrical  batterj, 
arranged  in  the  manner  of  a  pile.   By  touching  their  opposite  aa^^faoes, 
a  very  violent  shock  is  received,  such  as  to  disable  a  very  nowerfal 
man,  or  even  a  horse.    Prof.  Matteucci  has  shown  us  how  to  charge  t 
Ley  den  jar,  by  placing  the  torpedo  between  two  plates,  arranged  like 
the  plates  of  a  condenser ;  and  Faraday  has  published  an  interpfting 
account  of  his  experiments  with  the  eels  of  Surinam,  from  which  be 
not  only  obtained  shocks,  but  made  magnets,  deflected  the  gakanonie- 
ter,  produced   chemical  decompositions,  evolved   heat  and  electrical 
sparks.    (Expt.  Res.  1749-1795.)    The  student  is  also  referred  to  Prof. 
Matteucci's  interesting  **  Lectures  on  Living  Beings,"  for  further  details 
on  this  very  interesting  subject,  and  to  a  memoir,  on  the  American 
Torpedo  (Dr.  D.  H.  Storer,  Am.  Jour.  Sci.  [1],  XLV.,  164). 

945.  Electricity  of  plants. — Pouillet,  in  his  researches  on  the 
origin  of  atmospheric  electricity,  made  the  interesting  discovery  of  the 
disengagement  of  negative  electricity  during  the  germination  of  seeds, 
and  the  growth  of  plants.  This  observer  estimates  that  a  surface  of 
100  square  yards  covered  with  vegetation  disengages,  in  a  day,  more 
electricity  than  is  required  to  charge  the  most  powerful  Leyden  battery. 

Currents  of  electricity  have  also  been  detected  in  fruits,  and  in  the 
bark,  roots,  and  leaves  of  growing  plants ;  the  roots,  and  all  internal 
parts  of  plants  filled  with  juice,  being,  according  to  BuflT,  negative  with 
relation  to  the  exterior  or  less  humid  parts. 

\For  Problems  on  Electricity,  see  end  of  Meteorology,'] 
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CHAPTER  I. 

METEOROLOGY. 

946.  Meteorology  is  that  branch  of  Dataral  philosophy  which  treats 
Df  the  atmoHphere  and  its  phenomena.  The  subject  may  properly  be 
divided  into — Ist,  Climatology ;  2d,  Aerial  phenomena,  comprehending 
winds,  hurricanes,  and  water-spouts ;  3d,  Aqueous  phenomena,  includ- 
ing fogs,  clouds,  rains,  dew,  snow,  and  hail ;  4th,  Luminous  and  elec- 
trical phenomena,  as  lightning,  rainbows,  and  aurora  borealis. 

Our  narrow  limits  of  space  restrict  our  remarks  on  this  interesting 
subject  to  a  very  inadequate  rehearsal  of  its  principles.  The  student 
will  refer  to  the  works  of  Espy  and  Blodget,  and  the  papers  of  Coffin, 
Henry,  Loomis,  Redfield  and  others,  in  the  transactions  of  the  Ameri- 
can PhiluHophical  Society,  publications  of  the  Smithsonian  Institution, 
the  United  States  Patent  Office,  and  the  American  Journal  of  Science, 
for  an  exhibition  of  the  American  results  in  this  science. 
2  1.  Climatology. 

947.  Climates,  seasons. — By  climate  is  meant  the  condition  of  a 
place  in  relation  to  the  various  phenomena  of  the  atmosphere,  as  tem- 
perature, moisture,  &c.  Thus,  we  speak  of  a  warm  climate,  a  dry 
climate,  &c. 

A  season  is  one  of  the  four  divisions  of  the  year,  spring,  summer, 
autumn,  and  winter.  Astronomical  seasons  are  regulated  according  to 
the  march  of  the  sun.  In  meteorology  it  is  sought  to  divide  them 
according  to  the  march  of  temperature.  Winter  being  the  most  rigor- 
ous of  seasons,  it  is  so  arranged  that  its  coldest  days  (about  January 
15th)  fall  in  the  middle  of  the  season.  Hence,  winter  consists  of  De- 
cember, January,  and  February ;  spring  of  March,  April,  and  May, 
&c.  Few  meteorologists  have  regard  to  the  astronomical  divisions, 
which  make  winter  begin  December  2ist. 

948.  Inflnenoe  of  the  sun. — ^The  sun  is  the  principal  cause  that 
regulates  variations  in  temperature.  In  proportion  as  this  luminary 
rises  above  the  horizon,  the  heat  increases ;  it  diminishes  as  soon  as  it 
sets.  The  temperature,  also,  depends  on  the  time  it  remains  above  the 
horizon.  The  sun,  in  winter,  sends  its  rays  obliquely  upon  the  earth, 
and  at  this  season,  therefore,  less  heat  is  received  than  in  summer, 
when  its  rays  are  more  nearly  perpendicular.    Mathematicians  have 
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in  vain  endeavored  to  deduce  the  temperatore  of  days  and  seasoni 
from  the  height  of  the  son  above  the  horiton.  This  failure  is  owing 
to  many  accidental  and  local  causes,  which  modify  the  result, — as  ele- 
vation above  the  ocean,  inclination  of  the  surface,  vicinity  of  seas,  lakes, 
or  mountains,  prevalent  winds,  Ac, 

949.  Meteorological  observations,  to  be  compared  with  each 
other,  especifklly  when  made  in  different  locations,  should  be  made  st 
certain  6zed  hours  of  the  day.  The  hours  regarded  as  most  suitable 
for  this  purpose,  are  6  a.  m.,  2  p.  m.,  and  10  p.  m.  To  these  hours  are 
sometimes  added  9  a.  m.,  and  6  p.  m. 

950.  Mean  temperature. — The  mean  or  average  daily  tempertr 
ture  is  commonly  obtained  by  observing  the  standard  thermometer  at 
stated  times  during  the  day,  and  then  dividing  the  sum  of  these  tem- 
peratures, respectively,  by  the  number  of  obseryations.  It  has  been 
ascertained,  that  the  mean  temperature  deduced  from  observations 
taken  at  6  a.  m.,  2  p.  m.,  and  10  p.  m.,  corresponds  almost  exactly  with 
the  mean  obtained  from  observations  taken  every  hour  in  the  24; 
hence  the  three  hours  named  are  considered  the  proper  hours  for 
taking  observations.  The  lowest  temperature  of  the  day  occurs  shortly 
before  sunrise ;  the  highest  a  few  hours  after  noon.  The  mean  daily 
temperature,  at  Philadelphia,  is  found  to  be  one  degree  above  the  tem- 
perature at  9  A.  M. 

By  taking  the  average  of  all  the  mean  daily  temperatures  throughout 
the  year,  the  mean  annual  temperature  is  obtained. 

951.  Monthly  variations  in  temperature, — In  the  successive  months 
of  the  year,  there  is  a  regular  variation  in  temperature.  From  the 
middle  of  January,  the  temperature  rises,  at  first  slowly,  in  April  and 
May  rapidly,  then  less  rapidly  to  the  end  of  July,  when  it  attains  its 
maximum.  It  falls  first  slowly  in  August,  rapidly  in  September  and 
October,  and  reaches  the  minimum  about  the  middle  of  January. 

In  the  United  Statea,  the  monthly  Tariations  of  temperature  are  nearly  ai 
follows.  (The  figures  attached  to  the  signs  -f-  and  —  by  the  side  of  each  month, 
signify  the  number  of  degrees  colder  or  warmer  it  is  than  the  one  immediately 
preceding.) 

January,  the  coldest;  February,  -f 2<*  to  4®;  March.  8®  to  10°;  April,  10**; 
May,  9°  to  12°;  June,  7°  to  9°;  July,  i°  to  6°;  August,  —1°  to  3°;  September, 
—5°  to  8°;  October,  —8°  to  10°;  November,  —10°  to  14°;  December,  —10°  to 
15°.  The  coldest  days  are  generally  about  the  15th  of  January;  the  warmest, 
near  the  25th  of  July.  The  means  of  the  months  of  April  and  October,  aro 
very  near  the  annual  mean. 

952.  The  range  of  temperature  during  the  year,  is  due  to  Tariations 
in  the  length  of  days  and  nights,  and  the  height  of  the  sun  above  the 
horizon  at  noon. 

In  January,  when  the  days  begin  to  increase  in  length,  the  sun  acts  with  mors 
forco,  beeaase  Us  anguVai  Yi«\^\i^  \«  ^tci«Xft:t^«si\\>^^v^^\<.t«main8  longer  abovt 
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the  horizon.  This  change  ii  slow  at  firet,  and  it  is  only  towards  the  yernal 
equinox  that  the  increase  in  temperature  is  considerable.  The  days  being  then 
longer  than  the  nights,  the  earth  receives  more  heat  than  it  loses  by  radiation. 
The  temperature  increases  more  slowly  as  the  summer  solstice  is  approached, 
becaase  the  changes  in  the  height  of  the  sun  and  length  of  the  day,  are  small. 
After  the  solstice,  the  temperature  continues  to  increase,  until  about  July  25th ; 
the  heat  received  through  the  day  being  still  greater  than  the  quantity  lost 
during  the  night  As  the  days  decrease  in  length,  and  the  sun  approaches  the 
equator,  the  temperature  falls,  and  attains  its  minimum  near  the  middle  of 
January.     For  the  extremes  of  natural  temperature,  compare  section  744. 

953.  Variations  of  temperature  in  latitude. — The  mean  tem- 
perature of  different  places  on  the  same  latitude,  varies  according  to 
the  height  of  the  sun  at  mid-day  above  the  horizon  at  these  points. 
The  highest  temperature  is,  therefore,  found  at  the  equator ;  it  dimin- 
ishes either  way  to  the  poles. 

The  mean  summer  temperature  of  regions  midway  between  the  poles  and  the 
equator,  may  be  as  high  as  at  the  equator,  because  the  sun  is  above  the  horizon 
a  greater  number  of  hours.  At  the  poles,  however,  where  the  sun  is  above  the 
horizon  during  six  months  of  the  year,  the  rays  are  directed  so  obliquely  that 
their  calorific  action  is  very  feeble. 

The  temperature  is  not  the  same  for  places  in  the  same  latitude  in 
the  two  hemispheres,  as  is  seen  in  the  following  table: — 


Placet. 

Latitode. 

Temp. 

Places. 

Utitude.       Temp. 

Falkland  Isles,     . 
Buenos  Ay  res, 
Rio  Janeiro,    .    . 

51*>8. 
34*'  3«'  8. 
22^  56'  S. 

47®23 

62<'-6 

73«96 

London,      .    .    . 
Savannah, .     .     . 
Calcutta,    .    .    . 

51o31'N.    50<»-72 
32*>  05'  N. .  640-58 
22«  35' N.    78^44 

This  variation  is  owing  to  a  variety  of  local  causes,  such  as  the  ele- 
vation and  form  of  the  land,  proximity  to  large  bodies  of  water,  the 
general  direction  of  winds,  &c. 

954.  Variations  of  temperature  in  altitude.— The  average  diminu- 
tion in  temperature  in  ascending  from  the  sea  level  is  1°  F.  for  every  300  feet. 
Supposing  the  average  temperature  of  the  air  at  the  level  of  the  sea,  near  the 
equator,  to  be  80°,  and  toward  the  poles  0^  the  figures  in  the  second  and  third 
column  of  the  following  table  will  express  approximately  the  temperature  at  dif- 
ferent elevations.     (From  Daniell.) 

DECRBASK  OP  TBXPKRATURB  IN  THB  ATXOSPHBRB  FROM  BLBVATIOH. 


AlUtude  in  feet 

Equatorial  tempera- 
ture. 

80O 

Arctic  temperature. 

0- 

Oo 

5,000- 

64°-4 

—  18°-5 

10,000- 

480-4 

—  37<'-8 

15,000- 

31*4 

—  58®-8 

20,000- 

12«-8 

—  82"-! 

25,000- 

—  7«-6 

— 109*>-1 

30,000- 

— 30*>-7 

— 140«3 

642 


APPXICDIX. 


955.  Limit  of  perpetual  snow.^It  follows  firom  what  hai  jml 
been  stated,  that  in  every  latitude,  at  a  certain  elevadon,  there  most 
be  a  point  where  moisture  once  froxen  must  ever  remain  ooogetkd. 
The  lowest  point  at  whioh  this  is  attained  is  called  the  limit  of  pe^ 
petual  snow,  or  the  snow-line.  This  point  is  generally  hif^iest  neir  tbe 
equator,  and  sinks  towards  either  pole.  There  are,  howerer,  i 
exceptions  to  this  rule. 

LIMIT   OF   PIRPITUAL   SNOW   AT   DirFIRENT   PLACES. 


FlWM. 

LatHude.            |           Soam^bom. 

Straits  of  Magellan, 

Chili, 

64«»S. 
410S. 
00« 

30O  16'  N. 
42°  N. 
14«>  30'  8. 
10«>N. 
37«  30'  N. 
66«  40'  N. 

3700  feet 

6009  « 

15,807  " 

10,710  « 

8220   « 

18,831  « 

14,703   " 

0531   « 

5248   " 

Quito, 

Himalaya,  North  aide,     .    ,    .    . 
Alpi, 

W.  Cordilleras, 

Mexico, 

^tna,   . 

Kamtschatka, 

It  has  been  observed  that  the  different  heights  of  perpetoal  frost  deereass 
rery  slowly  as  we  recede  from  the  equator  until  we  reach  the  limit  of  the  torrid 
Bone,  when  they  decrease  more  rapidly.  The  average  difference  for  every  6^  of 
latitude  in  the  temperate  cone  is  1318  feet,  white  from  the  equator  to  30®  the 
average  is  only  664  feet,  and  from  60*'  to  SO**  of  latitude  it  is  only  891  feet  The 
limit  of  perpetual  snow  presents  remarkable  and  inexplicable  phenomena  at 
different  points :  thus  it  is  much  higher  in  the  Himalayas,  latitude  14°  16'  X^ 
than  at  the  equator.  Humboldt  remarks  that  the  limit  is  not  due  alone  to 
geographical  latitude,  that  it  is  owing  to  a  combination  of  many  causes,  such  as 
diffurenees  in  the  temperature  of  each  season,  the  direction  of  the  winds,  the 
habitual  dryness  or  humidity  of  the  atmosphere,  the  form  of  the  mountain,  its 
vicinity  to  other  peaks,  Ac. 

956.  Isothermal  lines. — If  all  the  points  whose  mean  temperatore 
18  the  same  are  connected  by  lines,  a  series  of  curves  are  obtained, 
which  Humboldt  was  the  first  to  trace  on  charts,  and  which  he  has 
named  isothermes,  or  isothermal  lines  (from  Hao^j  eqaal,  and  Bipiai, 
heat).  The  latitude  and  longitude  are  the  principal  conditions  which 
determine  the  temperature  of  any  point  upon  the  earth's  surface,  but  the 
influence  of  these  conditions  is  greatly  modified  by  numerous  accidental 
and  local  influences :  hence,  the  'isothermal  lines  present  numerous 
Hinuosities  instead  of  passing  around  the  earth  parallel  to  any  degree 
of  latitude.  The  introduction  of  isothermes  formed  an  important  epoch 
in  meteorological  science,  for  by  it  have  been  establbhed  the  great  laws 
of  the  distribution  of  heat  over  the  surface  of  the  earth  for  the  fiwr 
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■euoDB.    The  chart  of  isoolinal  lines,  fig.  543,  serves  also  to  illustrate 
the  general  direction,  and  place  of  isothermal  lines. 

{2.  Aerial  Phenomena. 

957.  Ctoneral  consideration  of  ixrinda. — ^Wind  is  air  in  motion. 
Winds  are  generally  caused  by  variations  in  the  temperature  of  the 
earth,  produced  in  part  by  the  alternation  of  day  and  night,  and  the 
change  of  the  seasons.  The  air  in  contact  with  the  hotter  portion  of 
the  earth  becomes  heated,  and  being  lighter  than  before,  rises,  while 
the  surrounding  air  rushes  in  below  to  supply  its  place.  The  revolution 
of  the  earth  on  its  axis,  also  comes  in  as  an  important  modifying  cause 
of  the  thermal  conditions.  Winds  are  also,  sometimes,  caused  by  the 
sudden  displacement  of  large  volumes  of  air,  as  in  the  fall  of  an  ava- 
lanche. Winds  are  named  from  the  points  of  the  horizon  from  which 
they  blow. 

958.  Propagatiou  of  winds. — ^Whether  a  wind  is  first  felt  in  the 
conntry  from  which  it  comes,  or  in  that  to  which  it  is  directed,  is  still 
an  unsettled  question.  It  would  seem,  however,  that  oflen  at  least  it  is 
first  felt  in  the  region  to  which  it  is  directed. 

It  has  already  been  said  that  winds  are  caused  by  inequalities  in  the  tempera- 
ture of  the  air.  If  the  air  above  a  certain  region,  as  in  the  tropics,  becomes 
heated,  it  rises,  and  the  air  in  the  vicinity  rushes  into  the  space  abandoned  by  the 
ascending  column.  This  air  becomes  rarefied,  and  this  rarefaction  is  communi- 
eated  from  point  to  point,  just  as  the  waves  of  sound  expand.  The  wind  is  thus 
propagated  in  a  direction  opposite  to  that  in  which  it  blows.  Such  winds  are 
called  winds  of  atyiration.  Winds  which  are  propagated  in  the  same  direction 
from  which  they  blow  are  called  winds  of  intufflation,  Franklin  made  some 
interesting  observations  on  winds  of  aspiration.  He  noticed  that  a  violent  north- 
east wind,  which  arose  about  7  o'clock,  p.  m .,  in  Philadelphia,  was  not  felt  at 
Boston  until  11  o'clock  in  the  evening.  Again,  a  violent  south-west  wind  blew 
first  at  Albany,  and  afterwards  at  New  York.  But  the  existence  of  winds  of 
manffiation  is  not  less  well  proven.  The  terrible  hurricane  from  the  south-west, 
on  the  29th  of  November,  1836,  arrived  at  London  at  10  o'clock  in  the  morn- 
ing, at  the  Hague  at  1  o'clock  in  the  afternoon,  at  Amsterdam  at  1^,  at  Hamburg 
at  6,  at  Lubeck  at  7,  and  at  Stettin  at  half-past  9  o'clock  in  the  evening. 

959.  Anemoscopes. — The  direction  of  currents  of  air  hlowing  at 
great  heights  may  often  he  determined  hj  the  direction  in  which  the 
clouds  move.  The  direction. in  which  surface  winds  move  is  determined 
by  means  of  anemoscopes  (from  &fefio^,  wind,  and  axoTtd^y  one  who 
watohes). 

The  ordinary  vane  is  the  simplest  anemoscope.  From  its  position  on  the  top 
of  an  edifice,  observations  of  it  are  extremely  inconvenient,  and  as  ordinarily 
constructed,  it  is  not  sufficiently  delicate  to  move  with  slight  agitations  of  the 
idr.  Anemoscopes,  suitable  for  accurate  observation,  are  variously  constructed. 
They  may  eonsist  of  tw>  or  more  fan-wheels,  whose  axis  supported  horisontally 
li  in  oonneotion  with  a  vertical  bar.    The  lower  end  of  ihifl  bar  is  delicately 
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■npported,  and  has  a  needle  attached  to  it  ai  right  anglflt,  moring  orer  a  eo» 
pass  dial-plate.    The  needle  points  upon  the  dial  the  direction  of  the  wind. 

960.  Anemometeni  (from  Svsfioqt  wind,  and  fUrpovt  measore)  ire 
instruments  designed  to  measure  the  velocity  of  winds. 

The  Telocity  of  winds  is  indicated  hy  the  force  with  which  they  move,  «.<^ 
the  pressare  they  exert.  Some  anemometers  are  eonstmcted  so  as  to  ezhibU  the 
amount  of  pressare  excited  by  a  wind  upon  a  plate  plaoed  perpendieolar  to  its 
own  direction.  This  plate  may  be  supported  on  a  spiral  spring,  the  extent  of 
its  compression  indicating  the  foroe  of  the  wind.  Fig.  718  lepreaenU  a  ample 
form  of  this  class  of  instruments.  Other 
anemometers  indicate  the  Telocity  of  the 
wind  by  the  number  of  roTolntions  giTon  ^^ 
to  a  fan-wheel  in  a  given  time.  Such  an 
one  is  Woltmann's  anemometer.  It  con- 
sists essentially  of  a  small  wind-mill,  to 
which  is  attached  an  index  marking  the 
number  of  revolutions  per  minute.  The 
stronger  the  wind,  the  greater  the  number  of  revoluUons  made.  The  necessary 
data  for  ascertaining  correctly  with  this  instrument  the  veloeitiea  of  winds  are 
easily  obtained  as  follows : — Nothing  more  is  necessary,  than  on  a  calm  day,  to 
travel  with  the  apparatus  on  a  carriage  or  rail  car,  observing  the  number  of  re- 
volutions made  in  going  any  known  distance  in  a  given  time.  The  effect  will 
be  the  same  as  if  the  air  was  in  motion.  A  table  is  then  oonstructed,  indieatisg 
the  velocity  of  a  wind  which  turns  the  sails  forty,  fifty,  sixty,  or  more  times  per 
minute. 

Anemometers  of  very  various  forms  have  been  designed.     No  one  yet  con- 
structed indicates  the  velocity  of  winds  with  absolute  precision. 

961.  The  velocity  of  ixrincUi  varies  from  that  which  scarcely  moves 
a  leaf  to  that  which  overthrows  the  staunchest  oak. 


VBLOCITT 

AND  POWER  OF  WINDS  (Smeaton). 

- 

Telocity  of  the  wind. 
Mllee  per  hour. 

Perpendienlftr  force  on  one 

winds. 

1 

•005 

Hardly  perceptible. 

4 
5 

•079 
•123 

Gentle  wind- 

11 
15 

•492 
1107 

Pleasant  brisk  gale. 

20 
25 

1-968 
3-075 

Very  brisk. 

30 
35 

4-429 
6027 

High  wind. 

40 

7-873 

Very  high. 

50 

12300 

Storm. 

60 

17-716 

Great  storm. 

80 

31-490 

Hurricane. 

100 

49-200 

Violent  hurricane. 

Fonnaloi. — ^The  following  formulas  for  determining  the  velocity  of 
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wlndfl  from  the  obserred  pressures,  have  been  deduced  from  Smeatou's 
table  giyen  above : — 

If  V  represents  the  velocity  per  hoor  in  miles,  and  P  represents  the  pressure 
»n  a  square  foot  of  surface  at  right  angles  to  the  direction  of  the  wind  : — 


,    or  F=U-257i/P. 

0-00492'  ^ 


The  pressure  in  pounds  avoirdupois,  on  a  square  foot  of  surface,  when  the  wind 
moves  one  mile  an  hour,  being  =  0*00492  lbs. 

To  obtain  the  velocity  per  second  in  feet,  we  multiply  by  5280  (the  number  effect 
in  a  mile),  and  divide  by  3A00,  the  number  of  seconds  in  an  hour,  and  we  have 

6280        6280  . —  , — 

«'=*'^Xrz7;»«;7x;;X  U*257]/P  =  20-9l|/P. 
^  3600        8600  ^  y  y 

Winds  are  divided  into  three  classes,  viz.,  regular,  periodical  and 

variable. 

962.  Regular  ixrincUi  are  those  which  blow  continuously  in  a  nearly 
constant  direction,  as  the  trade  winds. 

Trade  winds  occur  in  the  equatorial  regions,  on  both  sides  of  the 
equator  to  about  30^  of  latitude.  Those  in  the  northern  hemisphere 
blow  from  the  north-east  to  the  south-west ;  those  in  the  southern  hemis- 
phere from  the  south-east  to  the  north-west. 

These  winds  are  produced  by  the  unequal  distribution  of  heat  upon  the  surface 
of  the  earth,  and  by  the  rotation  of  the  earth  on  its  axis.  From  the  vertical 
position  of  the  sun,  the  equatorial  regions  are  intensely  heated,  the  temperature 
gradually  diminishing  towards  the  poles.  The  heated  air,  above  the  equator, 
rises  and  blows  off  in  the  upper  regions  of  the  atmosphere  towards  either  pole. 
At  the  same  time,  currents  are  established  on  the  surface  of  the  earth  to  supply 
to  the  equatorial  regions  the  air  which  the  upper  currents  have  carried  off.  If 
the  earth  were  at  rest,  these  winds  would  blow  due  north  and  south.  But  the 
earth  is  revolving  on  its  axis,  from  west  to  east,  at  the  equator ;  therefore,  the 
eastern  velocity  is  greatest,  but  it  gradually  diminishes  towards  the  poles.  In 
consequence  of  this,  the  wind  blowing  frum  the  north  pole,  towards  the  equatc^r, 
acquires  a  westerly  direction,  and  seems  to  come  from  the  north-east,  and  for 
the  same  reason,  the  wind  blowing  from  the  south  pole  towards  the  equator,  also 
acquires  a  westerly  direction,  and  seems  to  come  from  the  south -east. 

These  trade  winds  are  not  stationary,  moving  to  the  north  in  the  summer  ot 
the  northern  hemisphere,  and  south  as  the  sun  withdraws  to  the  southern  tropic. 

The  general  direction  of  these  trade  winds  is  no  more  altered  by  the  form  of 
continents,  their  elevation  and  headlands,  than  is  the  general  course  of  the 
waters  in  a  river  by  rocks  in  its  bed,  though  abrading  surfaces  and  irregulari- 
ties may  produce  a  thousand  eddies  in  the  main  stream. 

963.  Periodical  ixrinda  are  those  which  blow  regularly  in  the  same 
direction,  at  the  same  seasons  of  the  year,  or  hours  of  the  day.  The 
most  interesting  winds  of  this  class  are  the  monsoons,  and  the  land  and 
the  sea  breezes. 

The  monMoon§  occur  within,  or  near  the  tropics;  they  blow  from  a  certain 
quarter  about  one-half  of  the  year,  and  from  an  opposite  point  during  the  other 
half.     The  cau^  of  the  monsoons  is  found  in  the  effect  produced  by  the  sun  in 
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his  annual  progress  from  one  tropic  to  another,  snoiMisirelj  heating  the  land  m 
either  side  of  the  equator.  The  nmoon  is  a  periodical  wind  which  blows  orer 
the  deserts  of  Asia  and  Africa ;  it  is  noted  for  its  high  temperature,  and  the 
sand  which  it  raises  in  the  atmosphere,  and  carries  along  with  it.  This  wind 
from  the  Great  Sahara  desert  blows  over  Algeria  and  Italy,  and  r«aehe«  erea 
the  north  shores  of  the  Mediterranean,  where  it  receires  the  name  of  Mroeco. 

On  the  coasts  and  islands  within  the  tropics,  and  to  some  extent  in  temperste 
regions,  a  aea  breext  daily  occurs  flowing  from  the  sea  to  the  land  during  tiie 
day ;  as  it  gradually  subsides,  it  is  succeeded  by  a  land  breeze,  flowing  from  the 
land  to  the  sea.  In  some  places  these  breezes  are  scarcely  perceptible  bejond 
the  shore ;  in  others,  they  extend  inland  for  miles. 

The  causes  of  the  land  and  sea  breezes  are  rery  apparent.  During  the  day, 
while  the  sun  shines,  the  land  acquires  a  higher  temperature  than  the  water  of  the 
surrounding  ocean.  The  air,  above  the  land,  becomes  heated,  and  rises.  To 
9upply  the  place  of  that  which  has  risen,  air  flows  in  from  the  sea,  constifeating 
the  sea  breeze.  But  when  the  sun  descends,  the  land  rapidly  loses  its  heat«  bj 
radiation,  while  the  temperature  of  the  ocean  is  scarcely  changed.  In  conse- 
quence of  this,  the  air  aboye  the  land  becomes  cooled,  and  therefore  more  dense, 
and  flows  towards  the  water,  constituting  the  land  breeze.  At  the  same  time,  io 
the  higher  regions  of  the  atmosphere,  air  flows  in  from  the  sea  to  the  land. 

964.  Variable  ixrincUi  are  those  which  blow  sometimes  in  ODe  dirM- 
tioD,  sometimes  in  another.  The  direction  of  winds  is  influenced  bj 
numerous  causes,  as  the  nature  and  form  of  the  surface  of  the  earth, 
the  proximity  of  large  bodies  of  water,  &c.  In  these  latitudes,  the  di- 
rection of  the  prevailing  winds  is  from  the  north-west  to  the  south-east 

905.  Qeneral  direction  of  vrinds  in  the  higher  latitades. — Id 
the  table  given  below,  the  relative  frequency  of  diflferent  winds  is 
given.  The  total  number  of  winds  in  each  country  is  represented  ly 
1000  ;  the  figures  in  the  table  represent  their  relative  frequency. 

FREQUENCY    OF    DIFFERENT    WINDS. 


Countriea. 

1     ^* 

N.  E. 

E. 

8.E. 

S. 

S.  W. 

W. 

N.W. 

England,      .     . 

82 

Ill 

99 

81 

Ill 

225 

171 

120' 

France,         .     .     . 

126 

140 

84 

76 

117 

192 

155 

110 : 

Germany,     .     . 

84 

98 

119 

87 

97 

185 

198 

132 

Denmark,     .     . 

65 

98 

100 

129 

92 

198 

161 

156 

Sweden,  .     .     .     . 

1    102 

104 

80 

110 

128 

210 

159 

106 

Russia,    .     .     .     . 

1      99 

191 

81 

130 

98 

143 

166 

192 

North  America,     . 

96 

116 

49 

108 

123 

197 

101 

210 

In  these  countries  there  is  a  predominance  of  sonth-wcst  wind?  with  th« 
exception  of  Russia,  where  the  greater  proportion  are  from  the  north-west.  In 
all  the  northern  hemisphere  there  is  a  predominance  of  westerly  winds.  This  ii 
shown  by  the  fact  that  the  average  length  of  the  voyage  from  New  York  to 
Liverpool  by  packet  is  but  23  days,  while  that  of  the  return  voyage  is  40.  In 
the  high  southern  latitudes  the  same  thing  is  observed.  Lieut.  Maury  romorkf 
chat  at  Cape  Horn  there  atv  t.l\re<i  times  as  many  westerly  as  easterly  winds. 
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966.  Physioal  propertiea  of  'winds. — Winds  are  hot,  cold,  dry, 
or  moist,  according  to  the  direction  from  which  they  come,  and  the 
kind  of  surface  over  which  thej  pass. 

If  they  come  oyer  the  sea,  from  lower  latitudes,  they  are  warm  and 
moist ;  if  across  the  land,  and  from  the  north,  they  are  cold  and  dry. 
Our  north-east  winds  are  cold  and  moist,  becaune  they  come  from  the 
north,  OTer  the  Atlantic  Ocean.  South  winds  are  here  warm  and 
humid ;  north  winds  cold  and  dry. 

967.  Hot  winds. — Over  the  deserts  of  Asia  and  Africa,  an  inteusely 
hot  wind  occasionally  prevails.  In  Arabia,  it  is  called  simoon,  signi- 
fying poisonous:  in  Egypt,  khamsin,  ))ecause  it  blows  forty  days.  In 
the  western  part  of  the  Great  Desert,  and  in  Guinea,  it  bears  the  name 
of  harmcUtan, 

The  soil  of  these  oountried  is  uniformly  covered  with  a  fine  reddish  saud, 
which  becomes  prodigiously  heated  by  the  sun's  rays.  As  the  wind  passes  ovci 
this  surface,  it  becomes  intensely  heated :  the  fine  particles  of  sand  are  raised  in 
the  air,  giving  a  reddish  or  purplish  tinge  to  the  atmosphere;  the  sky  becomes 
obscured,  the  sun  loses  its  brilliancy,  as  the  winds  blow  from  the  desert,  Tho 
barometer  falls  very  low,  plants  dry  up,  and  evaporation  takes  place  with  greui 
rapidity  from  the  surface  of  the  skin,  giving  rise  to  the  greatest  suffering. 
Whole  caravans  have  been  known  to  perish,  the  prey  of  a  consuming  thirst. 

968.  Horricanes,  or  cyclones,  are  terrific  storms,  often  attended 
by  thunder  and  lightning;  they  are  distinguished  from  every  uthc^r 
tempest  by  their  extent,  their  power,  and  the  sudden  changes  in  their 
direction.  From  numerous  observations,  *'  it  appears  that  hurricanes 
are  storms  of  wind,  which  revolve  around  an  axis,  upright  or  inclined 
to  the  horizon,  while,  at  the  same  time,  the  body  of  the  storm  has  » 
progressive  motion  over  the  surface  of  the  earth."  This  law  has  been 
established  by  Redfield  and  Keid.  Their  progressive  velocity  varies 
from  ten  to  thirty  or  forty  miles  per  hour;  the  rotatory  velocity  is 
sometimes  as  much  as  a  hundred  miles  per  hour.  The  diameter  of  a 
hurricane  is  from  a  hundred  to  five  hundred  miles,  though  sometimes, 
as  in  the  Cuban  hurricanes,  it  is  much  more. 

Fig.  714  shows  the  origin,  rotation,  and  general  course  of  hurricanes  in  both 
the  northern  and  southern  hemispheres.  These  terrible  storms  have  never  been 
known  to  sweep  across  the  equator,  although,  in  one  case,  similar  hurricane;)  were 
raging  at  the  same  time,  on  both  sides  of  the  equator. 

A  northern  hurricane  commences  with  a  violent  rotary  motion,  as  shown  by 
the  arrows  at  a,  in  latitude  10°  or  15°  north  of  the  e<{uator,  corresponding  very 
nearly  with  the  sun's  northern  declination,  and  extending  over  an  area  of  from 
>0  to  200  or  .300  miles,  the  rotary  motion  of  the  storm  tending  inwards  towards 
its  centre.  At  the  same  time  the  general  progress  of  the  storm  is  obliquely 
west  and  northward  until  it  reaches  the  limit  of  the  north-east  trade  winds,  where 
it  sweeps  around,  taking  a  north-easterly  direction,  the  vortex  enlarging  as  it 
progresses,  spreading  over  an  area  of  600  or  1000  miles,  until  at  la&t  vt  ts^<^v%\ 
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I A  t  QCftrLj  uatorlj  iiiFVf!tii»iit  iLbd  «xbmli«U  !!•  Jbree  hf  itf  cataf  Ito  «ftfACf«^ 


ment,  ia  Utitode  40"^  or  &0^  K. 

Foutbcm  hiirriciuiu^  parmi;  4  simriar  Pdmraa  la 

fwi  of  tbe  figDTc.  The  oireulAf  ftrfOW*  ihoir  iti« 
roUliun  at  tbe  air  in  (ho  tffrfr  of  Ik*  ejobnej  lUid 
tbtl  firrc?w«  in  tiie  p&riibf>liQi  rurvii,  &ht^  ih«w  tb« 
l^itlternl  (Miurae  of  ihv  moTiui;  «turw* 

Tbfl  ftrroff,  NET,  ehofr*  ttm  r«^«ti  of  the 
ii<>rth-eftfli  trueltt  vtiudD,  au4  iW  jmrull^  of  Imli* 
tuJtt^  L  N  E  T,  ftbowi  ihoiF  jiartWiJ  limit  Tb« 
»rTuw,  S  E  Tt  uud  litif^^  L  B  B  T,  »^Un  «hf»w  tb« 
Tcgion  &iid  limit  of  ttiij  si,aulb-iiibtl  triMled^ 

Botw^en  tbo  noTtht-ni  an*!  iciuib«ira  burrieAi36 

burricuifiJ!  arc  not  kiiowo  to  i^bjim.  Oh  MiLbitr  jiitto 
«r  ihz  tone  of  vAritLble  wlndi  Ue  ifav  iioacA  of 
ejcpMiiBiDiir  In  wbiaii  burrlot^rt*!!  origin  nt«,  Tho 
Ivrivriif  D  I>,  iii(Ui'iLtfi  tb«  inuitt  diiU£«if&ii«  |H*rU<tQ 
ol  tho  burrlctQc  track- 

It  IB  now  well  oscfTtftined  tbftt,  in  botb 
hemispheres,  the  nir  in  m  cjckiie  or  hyrri- 
(3u»©  rotates  in  a  dlreotioo  coiilriwy  to  that 
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ineqaality  of  the  pressure  which  causes  the  storm;  so  thut: — Great 
barometric  oscillations  generally  announce  the  approach  of  a  tempest. 

By  careful  observation  of  the  barometer,  the  mariner  anticipates  the 
approach  of  a  hurricane,  or  other  dangerous  storm.  So,  also,  by  care- 
ful attention  to  the  course  of  the  winds,  and  the  sailing  directions, 
based  on  the  researches  of  KedficM,  Reid,  and  Maury,  he  knows  how 
to  sail  out  of  the  track  of  a  hurrieaiio  at\er  it  has  commenced. 

909.  Tornadoes  or  vrhirlvrinds  arc  distinguished  from  hurricane.'', 
chiefly  in  their  extent  and  continuance.  They  are  rarel}'  more  tlian  a 
few  hundred  rods  in  breadth,  and  their  whole  track  is  seldom  more 
than  twenty -five  miles  in  length.  The  continuance  of  tornadoes  is  but 
a  few  seconds  at  any  one  place.  They  are  oftentimes  of  great  energy, 
uprooting  trees,  overturning  buildings,  and  destroying  crops. 

970.  Water-apoutB  differ  from  whirlwinds  in  no  other  respect  than 
that  water,  or  vapor  of  water,  is  subjected  to  their  action,  instead  of 
bodies  upon  the  surface  of  the  land. 

Water-spouts  first  appear  as  an  iuvortud  coue,  extending  downward  from  a 
dark  cloud.  As  thu  cone  approaches  the  water,  the  latter  becomes  agitated,  the 
spray  rises  higher  and  higher,  and  finally,  both  uniting,  there  is  formed  a  con- 
tinnous  column  from  the  cloud  to  the  water,  usually  bent  as  in  fig.  715,  but  some- 
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ii^es  erect.  After  a  little  time,  the  column  breaks,  and  the  phenomena  di»a|< 
p^ar.  As  to  the  origin  of  water-spouts,  philosophers  are  divided.  Kaemtz,  a 
distinguished  German  meteorologist,  assumes  that  they  are  due  principally  to 
two  opposite  winds,  which  pari  side  by  side,  or  when  a  very  brisk  wind  prevaib 
in  the  higher  regions  of  the  atmosphcro,  while  it  is  clear  below.  Peltier,  and 
other  physicists,  ascribe  water-spouts  to  an  electrical  oaose. 

Water-spouut  are,  in  great  part,  formed  of  atmospherio  water,  as  is  shown  by 
the  fact,  that  the  water  escaping  from  them  is  not  lalt,  even  in  the  open  iw^ 
hi* 
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If  the  atmosphere  is  not  moist,  there  is  no  eondenMUoB  of  Taper,  uid  the  only 
noticeable  phenomenon  is  the  violence  of  the  wind  and  iti  rotatory  moHoB. 

971.  Oeneral  laws  of  stonns. — Great  storms,  in  temperate  climates, 
are  governed  by  general  laws,  presenting  more  or  less  analogy  to  tht 
movements  of  hurricanes.  As  a  general  thing,  the  great  storms  whidi 
pass  over  North  America  have  no  connection  with  the  storms  of  Europe ; 
and  the  storms  of  both  continents  are  modified  in  their  coarse  and 
general  phenomena  by  the  configuration  and  elevation  of  the  land. 

Great  storms  of  rain  and  snow,  and  also  lesser  storms,  which  prevail 
in  the  United  States  from  November  to  March,  are  governed  by  the 
following  general  laws,  which  have  been  condensed  from  the  researches 
of  Professors  Espy  (Reports  to  United  States  Senate),  and  Loomis 
(Smithsonian  Contributions,  1860). 

1.  Storms  travel  from  the  region  of  the  Mississippi  eastward  as  far 
as  the  Gulf  of  St.  Lawrence,  and  disappear  in  the  Atlantic  Ocean. 

2.  They  are  accompanied  with  a  depression  of  the  barometer,  often 
amounting  to  an  inch  or  more  below  the  mean  height,  along  a  line  of 
great  extent  from  north  to  south,  the  line  being  curved  with  its  convexity 
eastward.  In  the  front  and  rear  of  the  storm,  there  is  a  rise  of  the 
barometer,  which,  in  some  places,  is  more  than  an  inch  above  the  mean. 

3.  Great  storms  travel  from  the  Mississippi  to  the  Connecticut  River 
in  twenty-four  hours ;  and  from  the  Connecticut  to  Newfoundland  in 
nearly  the  same  time,  or  about  thirty-six  miles  an  hour ;  though  some- 
times they  appear  to  remain  nearly  stationary  for  four  or  five  days. 

4.  The  area  covered  by  a  storm  is  nearly  circular,  often  of  great 
extent ;  frequently  1000  miles  from  east  to  west,  and  2000  or  3000 
miles  from  north  to  south. 

5.  For  several  hundred  miles,  on  each  side  of  the  centre  of  a  violent 
storm,  the  wind  inclines  inwards  towards  the  area  of  least  pressure, 
and,  at  the  same  time,  it  circulates  around  the  centre  in  a  direction 
contrary  to  the  motion  of  the  hands  of  a  watch.     Compare  {  968. 

6.  On  the  borders  of  the  storm,  near  the  line  of  maximum  pressure, 
the  wind  has  but  little  force,  and  tends  outwards  from  the  line  of  great- 
est pressure. 

7.  The  wind  uniformly  tends  from  an  area  of  high  barometer  towards 
an  area  of  low  barometer. 

8.  In  the  northern  parts  of  the  United  States,  the  wind  generally,  in 
great  storms,  sets  in  from  the  north  of  east,  and  terminates  from  the 
north  of  west ;  and  in  the  southern  states,  the  wind  generally  sets  in 
from  the  south  of  east,  and  terminates  from  the  south  of  west. 

9.  During  the  passage  of  storms,  the  wind  generally  veers  from  the 
toatward  around  by  the  «outh,  and  then  towards  the  west. 


METEOROLOOr.  651 

10.  Id  a  great  storm,  the  area  of  high  thermometer  frequently  does 
not  coincide  with  the  area  of  low  barometer,  or  with  the  centre  of  rain 
and  snow.  But  in  the  United  States,  on  the  north-east  side  of  a  storm, 
at  a  distance  of  500  miles  from  the  area  of  rain  and  snow,  the  ther- 
mometer sometimes  rises  as  much  as  twenty  degrees  above  its  mean 
height 

11.  In  Europe,  storms  are  often  modified  and  controlled  by  the  Alps 
of  Switserland,  which  appear,  for  days  together,  to  serve  as  the  centre 
of  great  storms. 

For  the  oonneotion  of  barometrio  changes  with  changes  of  weather,  see  sec- 
tion 271 ;  and  for  fuller  discussions  of  the  theory  and  laws  of  storms,  see  the 
works  already  referred  to  above,  and  also  §J  946,  968. 

2  3.  Aqaeona  Phenomena. 
972.  Humidity  of  the  air. — Vapor  of  water  is  always  contained  in 
the  air.  This  may  be  demonstrated  by  placing  a  vessel  filled  with  ice 
or  a  freezing  mixture  in  the  atmosphere ;  in  a  little  time  the  vapor 
from  the  air  will  be  condensed  on  the  walls  of  the  vessel,  in  the  form 
of  minute  drops  of  water. 

Air  is  said  to  be  Maturated  u>ith  moUture,  when  it  contains  as  much  of  the 
vapor  of  water  as  it  is  capable  of  holding  up  at  a  given  temperature.     That  the 
capacity  for  moisture  is  greater  as  the  temperature  increases,  is  shown  in  the 
following  table : — 
A  body  of  air  can  absorb 

At    32®  F.,  the  160th  part  of  its  own  weight  of  watery  vapor. 
«t     590  **     <••      80th  "  "  "  " 

M      850  u      a      4()tjj  «  a  u  a 

**    113®  <*      "       20th  *'  **  "  " 

It  will  be  noticed  that  for  every  27®  of  temperature  above  32®,  the  capacity 
of  air  for  moisture  is  doubled.  From  this  it  follows,  that,  while  the  tempera- 
tare  of  the  air  advances  in  an  arithmetical  series,  its  capacity  for  moisture  is 
aeeelerated  in  a  geometrical  series. 

Table  XXL,  Appendix,  shows  the  weight  of  aqueous  vapor  in  a  cubic 
foot  of  saturated  air,  at  temperatures  from  0®  to  100®  F. 

Absolute  humidity, — ^relative  humidity. — The  term  absolute 
humidity  of  the  air  has  reference  to  the  quantity  of  moisture  contained 
in  a  given  volume.  Relative  humidity  refers  to  the  dampness,  or  its 
proximity  to  saturation  with  aqueous  vapor. 

The  absolute  humidity  is  greatest  in  the  equinoctial  regions,  and  diminishes 
towards  either  pole ;  it  diminishes,  also,  with  the  altitude,  but  the  true  ratio  is 
not  fhlly  known.  The  absolute  humidity  is  also  greater  on  coasts  than  inland, 
in  summer  than  in  winter,  and  less  in  the  morning  than  about  midday. 

Relative  humidity  is  dependent  upon  the  mutual  influence  of  absolute  humidity 
and  temperature.  The  atmosphere  is  considered  dry  when  water  rapidly  evapo- 
rates, or  a  wet  substance  quickly  dries.  The  expressions  wet  and  dry  convey 
simply  an  idea  of  the  relative  humidity  of  the  atmosphere,  and  have  no  refer- 
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eticHs  Ml  ths  mbtolutti  qunnt&rjr  of  tnuLptu^rv  proACDt  i  for  n  4mu{^  th  \m  rtn^wJmA  ^ 
hf  rftiitng  iu  lAmp&raturoi  and  •  dry  A^tr  dj^tnp  by  etttAkng  if. 

Neitr  grout  bodit^ii    uf  ir»l4>ri  ilj(»   »tit}iJii|:iiHirta   j^i^rJieratly    i^'tnlAinii    a    ^iti^ttf 

tjyijt  [A&mf  und  doi?t'rtj:i. 

^73.  Hysrometen  nw  fnotrutsmny  hy  i^liieli  tbe  bumtditj  of  tli« 
atiuOHphere  la  determiDGd^  Tboj  arc  of  tuticiuh  kiadti^  Aud  oniy  tn 
clftssifietl  1^9  follows; — cb«?miciil  hygrt*iiiet<*T«^  iibsorpttoti  l)]rgrum«titB, 

AIL  bygroiGopk'  fubst&ai'F^i  (rb.,  tbufa  wbkU  hfiv«  a,i)  ulTttiity  fic;»r  itntfr i  ni^ 
ohomire&L  by j^ro meters.  The  aiB'tuat  c^r  mcriiture  Itt  tbo  air  it  dniitrxixii^^d  nttli 
lh«M  iubBtAut'cj,  by  !l1Itti<  «  ml;»p  wHii  plilnHd  of  eml^inn^iH  f^r  *-£KiitfiU'.  u<a4 
p^**mii  a  knciwo  votumo  <if  air  tbnjiugli  it;  tb«  ItienaM  lla  wtitjfbt  ol  tbf  tnh$^ 

rn«thiHl  jiflldj!  thv  bet^i  r«i«all0,  bnl  in  dJIQeuti  iif  ejiiwixlioii. 

S^uBsare's  by^ometer  depends  upon  the  eUingArim  and  £tmitrt<^ 
titui  of  a  biur  )ij  iiiciea^e  irr  diminution  rrfrdntivf.'  bamiditj ;  but  «ticb 
jti^^trumentj]  aflord  no  nu'imw  of  t\Ct*tjnLli^  t'ompuriHcm, 

DaaieU'ft  bygromete?  dcpt^iide^  upim  tht;;  cumlHiftatit}!:!  of  momtnm 
hy  means  of  anifiinal  cdd* 

It  coiulatj  of  Q,  glfLf.N  tub«,  b«)}i  tprlee  at  Hj^tU  aD|;l(^£i  b^virig  »  bulti  mt  tUttOT 
«xt.r«tiiUy.    Tbe  butb,  A.  fte.  i  id.  h  D&Ftlr  fLIkd  with  vtbiftrt  Into  irble^  li  iutariea 
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in  the  temperature  of  the  thermometer  is  produced.  The  hygrometrio 
state  of  the  atmosphere  is  determined  from  the  observed  difference  in  the 
two  thermometers  by  the  use  of  tables  prepared  for  the  purpose.  ( MeUo- 
rolofficcU  and  Physical  TabUs,  Smithsonian  Collection.) 

This  is  a  very  convenient  instrument  to  determine  the 
condition  of  the  air  in  dwellings  heated  by  different 
methods.  Observations  with  this  instrument  show  how 
much  our  comfort  and  health  depend  upon  preserving 
the  proper  state  of  humidity  or  dryness  in  our  dwellings, 
or  in  the  sick-room. 

974.  Fogs,  or  mists,  are  visible  vapors  that  float  in 
the  atmosphere,  near  the  surface  of  the  earth.  Fogs  are 
produced  by  the  union  of  a  body  of  cool  air  with  one  that 
is  warmer  and  humid.  Many  philosophers,  as  Saussure 
and  Kratzenstein,  consider  that  the  globules  or  vesicles  of 
which  a  fog  is  composed,  are  hollow,  the  water  serving  only 
as  an  envelope ;  it  is  probable  this  is  true,  in  some  cases : 
there  are  probably  also  mixed  with  the  vesicles  many  mi- 
nute drops  containing  no  free  air.  According  to  Kaemtz, 
the  average  diameter  of  fog  globules  does  not  exceed 
TiVv  ^^  ^^  inch.  Maille,  of  Paris,  has  computed  that  it  t\ 
would  require  200,000,000  fog  globules  to  make  a  drop 
of  rain  -j^^  of  an  inch  in  diameter. 

975.  De^w  is  the  moisture  of  the  air  condensed  by 
coming  in  contact  with  bodies  cooler  than  itself.  The  temperature 
at  which  this  deposition  of  moisture  comm'ences,  is  called  the  dew 
point  (674).  The  dew  point  varies  according  to  the  hygrometric  state 
of  the  atmosphere ;  being  nearer  the  temperature  of  the  air,  the  more 
completely  the  air  is  saturated  with  moisture.  In  this  climate,  in  sum- 
mer, the  dew  point  is  often  30°  or  more  below  the  temperature  of  the 
atmosphere.    In  India,  it  has  been  known  to  be  as  much  as  61°. 

Cause  of  dew. — Dr.  Wells,  ot  London  (bom  in  South  Carolina), 
determined,  by  his  researches,  the  cause  of  dew.  It  may  be  given 
briefly  as  follows : — During  the  day,  the  surface  of  the  earth  becomes 
heated  by  the  sun,  and  the  air  is  warmed  by  it.  When  the  sun  goes 
down,  the  earth  continues  to  radiate  heat  without  receiving  any  in 
return,  and  thus  its  temperature  diminishes.  The  air  loses  its  heal 
more  slowly,  and  is  cooled  only  when  it  comes  in  contact  with  the 
cooler  earth.  If  this  cooling  reaches  the  dew  point  of  the  air,  moisture 
is  condensed  in  the  form  of  small  drops  upon  cold  objects  (good  radia- 
tors), as  the  soil  or  vegetation. 

Clronmstanoes   inflnenoing   the    prodnotion   of   dew. — The 
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it^retiity  I- 1  1h(*  iiir.  Since  d«w  t»  ibe  tmiiftturt*  vT  (lii  ^, 
enHed^  it  in  nvitli>rii  i('  muKt.  br  i^lfeetecl  hj  tliiv  ttitiimui'^l 
Un  fl  wjihIj  nightt  tli**  ^ii^*  *«  contact  with  cnJd  otijcE?»  ^* 


amount  of  iew  de|>f>E<it^  in  n  givftti  tiuis  depftiidg  ufion  the  tmttlSilttf, 
tr;uiquvliljf  and  atTt^nity  I'L  1h<*  mr.  Since  dt^w  b  tbo  tuiiiMun*  iif  (lii 
jitmosphere  condei 
the-  ttir  o*:jntatns.  Un 
in  j^f  cjujcklj  cbaniTi^d,  ttiiit  it  Ib  uot  ^3i>uled  dowti  tu  tit«  ilisw  |K>tcil»  Inil 
^cutle  iif^itiitHiii  nf  the  nit  fatortf  the  pruduction  ^if  dew,  bfingtr»g  iimn» 
iHtiiiit  air  Ui  furnisi*  dew  lu  e«>ld  cibj(vct».  Tbe  m*mt  ^D|jioiis  d€|insiii  tif 
dew  tiikF!  placf?  oil  c^oolf  clviir  tugbt«f»  F^ir,  wbvn  Lb^re  nre  elotidftt  thtwr 
riMliiite  back  tbe  beat  wbit^b  bau  e«H;aped  hmn  lh«<  earfii,  aitd  tiini  |ir^ 
tent  ita  cooling,  and  therefore  no  d«w  i^  depo^^ilefl.  If  the  olotid^  lapmf 
rate  only  fur  a  sbort  titne,  d<^w  i«  rapidly  deposEled. 

Straw ^  mat^t  board s,  &o*^  caed  liy  gitrdenem  to  protect  detleiiie  {)l&ntf 
from  freezing,  act  in  tbe  i^ame  amtiner  m«  olouda,  to  prevent  tba  d«| 
of  dew  or  frost.     See  Fig.  IIS, 

976.  Subatances  upan  ^vbioh  dew  falls. -^Dew  does  not  fftl] 
all  lubHtaiici'H  alike;  irt  counet^uence  of  diflTcffino^M  m  radiati! 
ctmdtKiting  power,  certain  &ub»tape&«  eool  quicker  and  m«ire  p«ri«i: 
iban  others.  The  duety  road,  tbe  rcxskf,  atrd  barron  luiil^  lhjoI  alt^wly, 
receiving  beat  from  the  earth  by  utiuduetloii,  and  tbereforv  ou  th^m  h^^ 
little  dew  falls.     Treei;,  sbrubii,  groat es,  atid  T<tg«t&tioci  qT  dVMJ 
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diation  into  a  cloudless  sky,  will  reduce  the  temperature  of  the  ground 
to  43^,  or  even  33%  while  the  air  above  the  same  points  is  46^  or  39% 
But  a  cloud  resting  above  the  earth  prevents  radiation,  and  reflects  the 
heat  back  to  the  earth.  So  dew  or  frost  will  be  deposited  on  the  upper 
surface  of  a  platform  when  radiation  takes  place  freely,  while  boards, 
like  the  cloud,  reflect  back  the  heat  coming  from  the  ground. 

978.  Clouds  are  masses  of  vapor  that  float  in  the  upper  regions  of 
the  atmosphere.  They  are  distinguished  from  fogs  only  by  their  alti- 
tude ;  they  always  result  from  the  partial  condensation  of  the  vapors 
thai  rise  from  the  earth.  As  clouds  oflen  float  in  regions  whose  tem- 
perature is  many  degrees  below  the  freezing  point,  they  are  sometimes, 
no  doubt,  composed  of  frozen  particles. 

Clouds  being  condensed  moisture,  are  heavier  than  the  air,  and  have  a  ten- 
dency to  fall  to  the  earth.  They  are  kept  suspended  in  the  air,  1.  By  ascending 
currents  daring  the  day,  the  wanner  air  dissolving  the  cloud  as  fast  as  it  falls 
into  it.  Such  clouds  are  more  elevated  at  midday  than  in  the  morning,  and 
tbey  descend  towards  the  earth  at  evening. 

2.  Horisontal  currents  also  oppose  the  fall  of  clouds.  The  minute  vesicles  or 
globules,  whichever  they  may  be,  are  carried  forward  and  dissolved  by  the  drier 
air  on  the  advancing  side  of  the  cloud,  while  on  the  windward  side  of  the  cloud, 
rapor  is  constantly  precipitated. 

3.  The  resistance  of  the  air  opposes  the  rapid  descent  of  clouds.  This  resist- 
ance is  in  the  inverse  proportion  to  the  dimensions  of  the  particles.  For  this 
reason,  considerable  time  would  be  required  for  vapor  to  descend  even  a  few 
hundred  feet  If,  as  many  writers  suppose,  the  water  of  cloads  exists  in  the 
form  of  minute  vesicles  containing  air,  the  expansion  of  the  enclosed  air  by 
heat  would  at  once  account  for  the  buoyancy  of  clouds ;  for  they  would  float  like 
balloons  in  air  of  their  own  aggregate  density,  and  every  increase  of  heat  would 
increase  their  buoyancy. 

979.  Claasifioation  of  olonds. — Clouds  are  generally  divided  into 
four  great  classes,  viz. :  the  nimbus,  the  cumultu,  the  straitts,  and  the 
cirrus,  as  shown  in  the  diagram,  fig.  719. 

Intermediate  forms  of  clouds  are  distinguished  by  the  names  of  cirro- 
stratus,  cirro-cumulus,  and  cumulo-stratus. 

The  eirrut  (cirrus,  curl)  usually  resembles  a  disheveled  lock  of  hair,  being 
composed  of  streaks  or  feathery  filaments,  assuming  every  variety  of  figure. 
The  cirrus  floats  at  a  higher  elevation  than  other  clouds,  and  probably  is  often 
composed  of  snow-flakes.  It  is  among  the  cirri  that  halos  and  parhelia  are 
formed. 

The  eumti/tM  (cumulus,  heap)  appears  often  in  the  form  of  a  hemisphere, 
resting  on  a  horisontal  base  ,*  sometimes  in  detached  masses,  gathered  in  one 
vast  cloud,  near  the  horizon.  When  lighted  up  by  the  sun,  they  present  the 
appearance  of  mountains  of  snow.  The  cumulus  is  the  cloud  of  day ;  in  the 
fine  days  of  summer  it  is  most  perfect. 

The  name  of  cirro-cumulus  is  given  to  little  rounded  clouds. 

The  cumuli  owe  their  existence  to  ascending  currents ;  their  height  varies 
greatly,  but  it  is  always  less  than  that  of  the  cirrL 

Tho  4ttaiH9  (stratus,  eovwring)  ci  osists  of  sheets  of  cloud,  or  layers  of  vapor, 
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•f  tlw  float  is  Mcnmtely  gradoatedi  so  that  an  increase  in  the  depth  of  the  water 
of  one  one-hundredth  of  an  iDch,  is  easily  measured. 

Another  rain-gauge,  a  section  of  which  is  represented  in  fig.  720,  consists  of 
a  cylindrical  copper  ressel,  M,  closed  by  a  cover,  B,  shaped  ^20 

like  a  funnel,  with  an  aperture  in  the  centre,  through 
which  the  water  passes  into  the  interior.  This  cover  pre- 
Tents  loss  hy  evaporation.  A  lateral  glass  tube.  A,  care- 
fully graduated,  rises  from  the  base  of  the  vessel.  The 
water  rises  in  the  tube  to  the  same  height  as  in  the  copper 
eylinder.  If  the  apparatus  has  been  placed  in  an  exposed 
•itaation,  for  a  certain  time,  as  a  month,  and  the  gauge 
•hows  three  inches  of  water,  this  indicates  that  the  rain 
that  has  fallen  during  the  interval  would  cover  the  earth 
to  the  depth  of  three  inches,  if  it  were  not  diminished  by 
evaporation,  or  infiltration. 

From  a  series  of  experiments  made  at  the  Smithsonian 
Inatitation,  and  continued  for  several  years,  it  is  found 
that  a  small  cylindrical  gauge,  of  2  inches  in  diameter,  and  about  six  inches  in 
length,  connected  with  a  tube  of  half  the  diameter,  to  retain  and  measure  the 
water,  gives  the  most  accurate  results.  In  still  weather,  it  indicates  the  same 
amount  of  water  as  the  larger  gauges ;  but  when  the  wind  is  high,  it  receives 
more  rain ;  for,  on  account  of  its  small  size,  the  force  of  the  eddy  which  is  pro- 
duced, is  much  less  in  proportion  to  the  drops  of  water.  This  ^augo  may  be 
still  further  improved  by  cutting  a  hole  of  the  sise  of  the  cylinder,  in  a  circu- 
lar plate  of  tin,  of  4  or  5  inches  in  diameter,  and  solderiog  this  to  the  cylinder, 
like  the  rim  of  an  inverted  hat,  three  or  four  inches  below  the  orifice  of  the 
gauge. 

981.  DiBtribntion  of  rain. — Rain  is  not  equally  distributed  over 
the  surface  of  the  earth.  As  a  general  rule,  it  may  be  stated  that,  the 
higher  the  average  temperature  of  a  country,  the  greater  will  be  the 
amount  of  rain  that  falls  upon  it.  Local  causes,  however,  produce 
remarkable  departures  from  this  rule. 

In  the  tropics,  the  average  yearly  rain  fall  is  ninety-five  inches ;  in  the  tempe- 
rate zone  it  is  thirty-five  inches.  Within  the  tropics,  the  greatest  quantity  of 
rain  falls  when  the  sun  is  at  its  senith,  that  is,  in  the  season  corresponding  to 
our  summer.     North  of  the  tropics  it  rains  more  abundantly  in  winter. 

In  certain  regions  there  is  a  periodical  season,  when  rain  is  very  abundant 
for  six  months,  called  the  rainy  season.  During  the  remainder  of  the  year, 
called  the  dry  season,  it  seldom  rains. 

Many  regions  are  destitute  of  rain.  In  Egypt,  it  scarcely  ever  rains. 
Along  the  coast  of  Peru,  is  a  long  strip  of  land  upon  which  no  rain  ever 
descends.  A  similar  destitution  of  rain  occurs  on  the  coast  of  Africa,  and 
some  parts  of  North  America ;  the  intervals  between  the  showers  being  six  or 
•even  years. 

In  Quiana  it  rains  during  a  great  part  of  the  year ;  this  is  also  the  case, 
according  to  Davison,  at  the  Straits  of  Magellan.  In  the  Island  of  Chiloo  (S. 
lat.  43°),  there  is  a  proverbial  saying,  tha.  it  rains  six  days  of  the  week,  and  is 
cloudy  on  the  seventh. 

982.  Days  of  rain. — The  rainy  days  are  more  numeroun  in  high 
than  in  low  latitudes,  as  is  seen  in  the  following  table,  although  the 
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ntitiuiiL  ftjnouDt  of  ram  whluh  ialh  let  ntrnJler.     (^iifti«qti«till^,  Uii  mS- 
u&ty  raios  of  the  tropiciil  r^giuni  &re  more  pfiwerful  ihmxx  thorn  oH 
t«mper&t«  regions. 

From  12^10  43^  7« 

III  the  northern  part  of  the  Unitod  5Uit«i  ttifsre  am,  on  tha  Bt«ng% ' 
ftbcmt  134  miny  dfijr^  in  the  je^r ;  in  the  soatlit^ri]  purt,  abonl  103. 

983.  Annual  depth  of  rain. — The  ^e&teiit  HUtiunI  depth  of  iHtD 
occurs  fit  Sun  Luis,  Maranbam,  280  mches  ;  th**  next  in  arAet  mm  Xctm 
Crux,  278;  Greaadft,  126^  Cape  Fran^oU,  120 1  Cdoulta,  ^l;  Rome, 
39  ■  L(VDd«m,  25 ;  Ottenberg,  12  &«  In  our  tMitintry,  the  an&itfti  aw^rtgf 
fftll  ia  3^-23  inches ;  at  HftnoTer,  N^,  II.,  SS ;  Xew  York  StAl^  M ;  Ofaio, 

9S4.  Snow  is  the  froxen  moisture  that  <ieflcend»  from  the  ntmtwphflH^ 
when  the  temperature  of  the  air  at  the  surface  of  the  earth  In  noar,  m 
belciWf  the  freeEiDg  point.    The  largest  flakt^s  of  snow  sre  pniiliteeil 
when  the  atingaphere  h  loaded  with  moisture,  and  the  t«tiiii«iffitiira  oC  . 
the  air  ia  about  32°  :  ae  the  cold  increaaeft.  the  flakes  becotne  ttmaUir.  1 
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appeared  of  a  green  hue,  whenever  pressed  npon  by  the  foot  Agassis  regards 
these  colors  as  animal  prodacts,  believing  them  to  be  the  ova  of  a  rotiferous 
animalcule.  The  more  common  belief  is,  that  (generally,  at  least)  these  hues 
arc  owing  to  the  presence  of  a  certain  class  of  microscopic  plants,  the  different 
colors  representing  different  stages  of  development  Martini  gives,  perhaps, 
the  correct  explanation  :  that  this  product  is  a  vegetable  cell,  enclosing  fluid,  in 
which  multitudes  of  infusoria  find  a  nidus  and  support 

986.  Hail  is  the  moisture  of  the  air  frozen  into  globules  of  ice. 
Hail-stones  are  generally  pear-shaped ;  they  are  formed  of  alternate 
layers  of  ice  and  snow,  around  a  white,  snowy  nucleus.  It  is  necessary 
for  the  production  of  hail»  that  a  warm,  humid  body  of  air,  mingle 
witli  another  so  extremely  cold,  that,  after  uniting,  the  temperature 
shall  be  below  the  freezing  point.  The  difficulty  of  explaining  the 
phenomena  of  hail-storms,  consists  in  accounting  for  this  great  degree 
of  cold. 

Hail-storms  are  most  frequent  in  temperate  climates.  They  rarely  occur  in 
the  tropics,  except  near  high  mountains,  whose  summits  are  above  the  snow- 
line. It  is  in  great  part  during  the  summer,  and  in  the  hottest  part  of  the  day, 
that  hail  falls.  Hail-storms  rarely  occur  at  night.  Hail-stoneM  are  often  of 
considerable  size;  the  largest  are  frequently  an  aggregation  of  several  frozen 
together.  Sleet  is  frozen  rain;  it  occurs  only  in  cold  weather;  it  falls  only 
during  gales,  and  when  the  weather  is  variable. 

i  4.   Electrical  Phenomena. 

987.  Free  electricity  of  air. — The  general  laws  of  atmospheric 
electricity  have  been  considered  in  a  previous  paragraph  (861). 

It  is  common  to  refer  the  free  atmospheric  electricity  to  several 
caoses,  always  at  work  on  the  earth's  surface,  as,  1.  Evaporation, 
especially  of  impure  water;  2.  Condensation;  3.  Vegetation  (945); 
4.  Combustion ;  and,  5.  Friction  ;  without  doubt  these  are  all  causes 
of  electrical  excitement  in  the  air.  But  far  more  important  than  them 
all  is  the  powerful  inductive  influence  of  the  negatively  excited  earth 
upon  its  gaseous  envelope.  The  dense  air  near  the  earth's  surface 
is  like  the  dielectric  of  the  iEpinus  condenser,  and  the  constant  pre- 
sence of  positive  electricity  in  the  air  is  a  fact  not  explicable  on  any 
other  hypothesis  than  that  of  induction  from  the  negative  earth. 

In  addition  to  the  laws  already  announced  in  {  861,  may  be  added 
the  fact  that  atmospheric  electricity  is  more  abundant  in  summer  than 
in  winter. 

98d.  Thnnder-storms  are  most  frequent  and  violent  in  the  equato- 
rial regions.  They  decrease  in  frequency  towards  either  pole,  and  are 
more  frequent  in  the  summer  than  in  the  winter  months,  and  after  mid- 
day than  in  the  morning.  They  are  produced  in  the  same  manner  as 
ordinary  storms;  hot  they  differ  from  them  in  their  local  character, 
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in  tin'  nipitlity  aul  ••vtont  of  the  condensation  of  the  atmospheric  vapor^ 
iin»i  in  tlio  su"<'u:iiu!;iii»n  <-f  electricity. 

Thiiiil«r-«;t'>rtii-  rin'  u-iuilly  attended  by  an  nIteratioD  in  th«  direction  of  the 
wiii'l.  Of  ono  hull  Itrl  anil  yixtecn  thunder-storms  roenrded  in  thv  Mctconlft- 
u'i'Jil  Ki'iristor  of  tli«'  ('.•iincctirut  Acmilcmy,  ninety-nine  were  either  preceded  or 
t-lloWLMl  liy  an  alteration  in  the  direction  of  the  wind. 

Tliundor-stonn-  ir'Miorully  prevail  in  the  lower  regions  of  the  atmo- 
Hphore.  Thoy  jir«'.  hnwevor,  not  unfrequontly  obserred  at  great  elera- 
tinns.  Kaeintz  ii< 'tiros  one  on  the  inoantains  of  Switzerland  which 
rnso  to  tlio  hoi::lit  of  nv»rc  than  10.000  feet. 

The  geographical  distribation  of  thunder-Htorms  has  l>een  lately 
tliscu^so<l  liy  Pn'f.  Lnomis  (Am.  Jour.  Sci.  [2]  XXX.  94),  who^e  results 
(•(mfinii  the  ;:«Mi('r:il  stutoment  already  made  with  reference  to  latitude, 
tliu-^:  — 

IJrtwctn  l;ititu.lr    0°  and  latitude  .SO®  "j  T  51  « 

:iO       ••         •«         50         The  avernf^o  n  amber        19-9 
.'•0       «*         •<         60  of  tbunder-vtorms  -t    14*9 

M       "         **        70  annually  is  4* 

Beyond         ••        70  J  [     0- 

Maury's  storm  and  rain  charts,  however,  show  that  the  frequency 


of  li;:htnin;jj  doponds  on  other  circumstances  than  simply  latitude,  since 
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TIm  roniag  of  thnader.  i»  generally  ascribed  to  the  reyerberation  of  the  sound 
from  doads  and  adjacent  mountains.  It  is  aluo  considered  that  as  the  lightning 
dart!  to  a  great  distance  with  immense  yelocity,  thunder  must  be  produced  at 
ertry  point  along  its  course,  and  the  sounds  not  reaching  the  ear  at  the  same 
time  that  elapses  between  lightning  and  its  thunder,  we  are  enabled  to  calculate 
tiM  distance  of  the  former.  According  to  Mr.  Earnshaw,  the  sound  of  a  tbuuder 
clap  is  propagated  with  much  greater  Telocity  than  ordinary  sounds.  See 
Appendix,  p.  668. 

990.  IdghtnUig. — It  has  already  been  stated,  that  air  subjected  to 
compression  omits  a  spark.  The  production  of  lightning  is  by  some 
attributed  to  the  energetic  condensation  of  the  atmosphere  before  the 
electric  fluid,  in  its  rapid  progress  from  point  to  point.  When  lightning 
is  emitted  near  the  earth,,  the  flashes  are  of  a  brilliant  white  color ;  when 
the  storm  is  higher,  and  therefore  in  a  rarefied  atmosphere,  their  color 
approaches  to  yiolet.  Clouds  appear  to  collect  and  retain  electricity. 
When  a  cloud  overcharged  with  electricity  approaches  another  less 
charged,  the  electric  fluid  rushes  from  the  former  to  the  latter.  In  the 
same  manner  the  electric  fluid  may  pass  from  the  clouds  to  the  earth. 
In  such  cases,  elevated  objects,  as  trees,  high  buildings,  church  steeples, 
Ac.,  oft«n  govern  its  direction.  It  is  unnecessary  to  dwell  upon  the 
powerful  and  destructive  effects  of  lightning. 

991.  ClaBsefl  of  lightning. — Lightning  has  been  divided  by  Arago 
into  three  classes,  vis. :  sigzag  or  chain  lightning,  sheet  lightning,  and 
ball  lightning.  We  may  add  heat  lightning  and  volcanic  lightning.  This 
classification  is  convenient,  ai^  is  universally  adopted. 

Zigsag  or  chain  lightning  is  supposed  to  owe  its  form  to  the  resistance 
of  the  air  compressed  before  it.  The  lightning  takes  the  path  of  least  resist- 
ance ;  then  moves  forward  until  it  meets  with  a  like  opposition,  and  so  continues 
glancing  from  side  to  side  until  it  meets  the  object  it  seeks.  Sometimes  the 
flashes  divide  into  two,  and  sometimes  into  three  branches;  it  is  then  called 
forked  lightning. 

Sheet  lightning  appears  during  a  storm  as  a  diffuse  glow  of  light  illumi- 
nating the  borders  of  the  clouds,  and  occasionally  breaking  out  fi'om  the  central 
part 

Heat  lightning  as  it  is  called,  appears  often  in  serene  weather  during 
summer,  near  the  horison;  it  is  generally,  if  not  always,  unattended  with 
thunder;  heat  lightning  is  the  reflection  in  the  atmosphere  of  lightning  very 
remote,  or  not  distinctly  visible.  By  many,  this  phenomenon  is  supposed  to  be 
occasioned  by  the  feeble  play  of  electricity  when  the  air  is  rarefied,  and  the 
pressure  upon  the  clouds  is  so  much  diminished  that  the  electric  fluid  cannot 
accumulate  upon  their  surface  beyond  a  certain  point,  and  escapes  in  noiseless 
flashes  to  the  earth. 

Ball  lightning  appears  in  the  form  of  globular  masses,  sometimes  remain- 
ing stationary,  often  moving  slowly,  and  which  in  a  little  time  explode  with  great 
▼iolenco.    This  form  of  lightning  is  of  very  rare  occurrence,  and  philosophers 
have  not  as  yet  been  able  to  account  for  it. 
6b* 
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Voloanio  lightning. — The  elouda  of  dast,  Mhes,  and  rmpor,  that  !«(■« 
trom  active  yolcaooes,  are  often  the  scene  of  terrific  lightning  and  xhnv'  • 
Volcanic  lightning  is  probably  caused  by  rapid  condensation  of  the  ra»t  x^: 
of  heated  vapor  thrown  into  the  air. 

The  rapidity  of  lightning  of  the  first  two  classes  is  probably  not  lev. 
than  two  hundred  and  fifty  thousand  miles  per  second.  Anig«i  has 
demonstrated  that  the  duration  of  a  flash  of  lightning  does  not  exceed 
the  millionth  part  of  a  second.  The  waving  trees  illuminated  at  night 
by  a  single  flash  of  lightning  during  a  storm  appear  motionless ;  the 
duration  of  the  flash  is  so  short,  that,  during  its  continuance,  the  irte^ 
have  not  sensibly  moved. 

992.  Return  stroke. — When  a  highly  charged  thunder-clood  ap- 
proaches the  earth,  it  induces  the  opposite  kind  of  electricity  upon  the 
ground  below,  and  repels  that  of  the  same  kind.  If  the  cloud  is 
extended,  and  comes  within  striking  distance  of  the  earth,  or  of 
another  cloud,  a  flash  at  one  extremity  is  often  followed  by  a  fla<«h 
at  the  other.  This  latter  is  called  the  return  stroke,  and  sometimes 
is  of  such  violence  as  to  prove  fatal,  even  at  a  distance  of  several  miles 
from  the  point  of  the  first  discharge. 

993.  Lightning-rods  were  first  introduced  by  Dr.  Franklin.  He 
was  induced  to  recommend  their  adoption  as  a  means  of  protection  to 
buildings,  from  the  effects  of  lightning,  by  observing  that  electricity 
could  be  quietly  and  gradually  withdrawn  from  an  excited  surface  by 
means  of  a  good  conductor,  pointed  at  its  extremity  (826). 

Lightning-rods  are  ordinarily  made  of  wrought  iron ;  but  copper  is  prefera- 
ble, being  a  better  conductor  of  electricity,  and  less  easily  corroded.  The  site 
of  the  rod,  if  of  iron,  should  not  be  less  than  three-quarter  inch  in  diameter. 
The  upper  extremity  of  the  rod  should  be  pointed.  Three  points  is  the  u^ual 
number  used  in  the  United  States,  but  one  is  sufficient.  The  points  should  be 
tipped  with  silver,  gold,  or  platinum,  or  copper  gilded  by  electricity;  ihejie 
metals  being  unaffected  l^  the  air,  which  would  corrode  the  copper  or  iron,  aod 
render  them  poorer  conductors.  The  rod  should  be  continuous  from  top  to 
bottom,  and  securely  fastened  to  the  building.  Glass  or  wooden  insulators  are 
often  recommended,  but  when  once  wet  by  a  shower,  there  is  but  little  advantage 
in  them  over  metallic  supports.  When  there  are  surfaces  of  metal  about  the 
building,  as  gutters,  pipes,  Ac,  these  should  be  connected  with  the  conductor  bj 
strips  of  metal,  as  first  recommended  by  Prof.  Henry.  The  lower  part  of  tbs 
rod,  where  it  enters  the  ground,  should  be  divided  into  two  or  three  branehes, 
and  bent  away  from  the  building,  penetrating  so  far  below  the  surface  of  the 
earth  as  to  reach  water,  or  permanently  moist  soil.  Charcoal  is  recommended 
to  fill  the  hole  in  the  centre  as  a  means  of  effecting  a  better  conduction.  In  a 
church,  in  New  Haven,  the  lightning  has  twice  penetrated  a  twenty  inch  brick 
wall  at  a  point  opposite  a  gas-pipe,  20  feet  above  the  earth,  through  which  the 
discharge  has  escaped  to  the  earth,  although  the  conductor  of  three-quarter  inch 
iron  was  well  mounted,  but  its  connection  with  the  earth  was  less  perfect  thaf 
that  of  the  gas-pipe. 
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Prot  ective  po^^er. — According  to  Mr.  Char1e«,  a  lightning-rod  pro- 
'»•<■!>  :i  >piici>  a  tmnd  it,  wtiuse  radius  is  equal  to  twice  its  height  aboTe 
I  he  i.uiltliii;:.  TxUn  it*  a  conductor  extend  ten  feet  above  the  house,  it 
utf.»r«l-<  |)p.»ieirti»in  to  a  circular  space  furtj  feet  in  diameter,  the  rod 
being  in  the  centre. 

Conductors  do  not  attract  the  lightning  toward  the  huilding  apon  which  they 
are  plaired.  They  simply  direct  the  coarse  and  facilitate  the  passage  of  the 
electricity  to  the  earth,  which  otherwise  might  hare  been  effected  in  a  powerful 
iitkI  destructive  discharge  through  the  building.  It  is  indeed  considered  by 
Aru{^(>,  that  "lightning-rods  not  only  render  strokes  of  lightning  inoffensive, 
but  cuobiderably  diminish  the  chance  of  their  being  struck  at  all/' 

994.  Aurora  borealis. — Under  this  name  are  comprised  the  luminous 
phenomena  seen  frequently  in  the  northern  sky;  and  also,  although 
more  rarely,  in  the  neighborhood  of  the  south  pole ;  they  are  then  called 
aurora  australis.  They  present,  when  in  full  display,  a  spectacle  of 
surpassing  splendor  and  beauty.  The  cause  of  the  aurora  borealis  is  yet 
involved  in  ol>scurity.  Although  it  is,  evidently,  intimately  connected 
with  terrestrial  magnetic  electricity,  it  is  impossible  at  present  to  say 
exactly  what  this  ctmncction  is.  It  has  been  ascribed  to  the  passage 
of  electrical  currents  through  the  upper  regions  of  the  atmosphere,  the 
different  colors  being  manifested  by  the  passage  of  the  electricity 
through  air  of  different  densities. 

Appearance  of  aororaa. — Before  the  aurora  appears,  the  sky  in  the 
northern  hemisphere  usually  assumes  a  darkish  hue,  which  gradually 
deepens,  until  a  circular  segment  of  greater  or  less  size  is  formed.  This 
dark  segment  is  bounded  by  a  luminous  arc,  of  a  brilliant  white  color, 
approaching  to  blue. 

The  lower  edge  of  this  arc  is  clearly  defined ;  its  upper  edge  gradually  blends 
with  the  sky.  When  this  luminous  arc  is  formed,  it  frequently  remains  visible 
fur  many  hours,  but  it  is  always  in  motion.  It  rises,  falls,  and  breaks  in 
various  places.  Clouds  of  light  are  suddenly  disengaged,  separating  into  rays, 
which  stream  upwards  like  tongues  of  fire,  moving  backwards  and  forwards. 
When  the  luminous  rays  are  numerous,  and  their  palpitating  lights  pass  to  the 
aenith,  they  form  a  brilliant  mass  of  light,  called  the  corona  or  crown,  whose 
centre  is  the  point  towards  which  the  dipping-needle  at  the  plac^is  directed. 
The  aurora  is  then  seen  in  its  greatest  splendor  ;  the  sky  resembles  a  fiery  dome, 
supported  by  waving  columns  of  different  colors.  When  the  rays  are  darted 
less  visibly,  the  aurora  soon  disappears,  the  lights  momentarily  increase,  then 
diminish,  and  finally  disappear.  It  is  asserted  that  sounds,  like  the  rustling  of 
silk,  often  accompany  the  display  of  auroras,  but  this  is  extremely  problemati- 
cal ;  the  most  celebrated  polar  navigators  never  heard  any  noises  which  they 
could  certainly  ascribe  to  the  auroras. 

995.  Remarkable  auroras. — The  aurora  is  not  a  local  phenomenon  ; 
it  is  often  seen  simultaneously  in  places  far  apart,  as  in  Europe  and 
America. 
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^n  1796,  a  beaatiftil  aarora  was  obserred  aimnlteneoiulj  in  PcmujlTaBk  ■ 
F»^iioe.  The  aarora  of  Januarj  7th,  1831,  was  obserred  in  all  eentral  i 
r  •  'thorn  Bnropo,  and  at  Lake  Erie.   The  aurora  of  NoTember  ITth,  1848,  is  < 

m 


Anroral  dispUy,  smd  at  Boisekop,  70°  N.,  1888-0. 

of  the  most  remarkable  preriously  recorded.  It  was  seen  flrom  Odessa,  on  the 
Black  Sea,  lat.  46°  36',  long.  80°  35'  E.  to  San  Francisco  (California),  88°  N.  Ut , 
122°  W.  long.,  and  as  far  south  as  Cuba.  It  seems  eyerywhere  to  hare  had  s 
prevailing  red  hue,  mistaken  in  many  places  for  a  conflagration.  (Am.  Jour. 
8ci.  [2]  VII.  203.) 

More  remarkable  than  all,  however,  was  the  aurora  of  August  28th  to  Sep- 
tember 4th,  1859,  for  the  great  extent  of  territory  over  which  it  was  seen,  for  iti 
long  duration,  and  for  the  brilliancy  of  its  colors,  the  intensity  of  its  illumination, 
and  the  rapidity  of  its  changes.  It  was  equally  remarkable  for  the  acoompany- 
ing  magnetic  disturbances,  recorded  not  only  by  the  usual  magnetic  instruments, 
but  over  the  whole  system  of  telegraph  wires  both  in  America  and  Europe. 
This  aurora  was  seen  as  far  west  as  the  Sandwich  Islands,  lat.  20°,  long.  157^ 
W.,  and  east  as  far  as  Barn'aul,  Russia,  long.  83°  27'  2.,  a  circuit  of  240°  aboat 
the  earth.  J  The  observations  seem  to  justify  the  inference  that  it  was  as  vivid 
in  the  southern  as  in  the  northern  hemisphere.  It  was  seen  off  Cape  Horn  and 
in  Australia,  in  the  southern  hemisphere,  up  to  Concepcion,  Chili  (lat.  36°  46'  S.), 
and  from  about  lat.  60°  N.,  in  North  America,  to  San  Salvador  in  13°  18'  N. 
For  full  details  of  this  aurora,  see  Am.  Jour.  ScL  [2]  Vols.  XXVIII.,  XXIX., 
and  XXX. 

996.  Height  of  aororas. — Many  astronomers  have  endeavored  to 
determine  the  height  of  auroras,  but  the  results  of  their  calculations 
are  not  certain.  £arlier  philosophers  computed  their  altitude  at  several 
hundred  miles ;  a  lower  limit  is  assigned  by  later  observers.  A  bril- 
liant auroral  arch  was  observed  in  the  Northern  and  Middle  Stales, 
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April  7th,  1847;  from  the  obserTations  made  at  Hartford  and  New 
IlaTCD,  Conn.,  it8  height  was  computed  by  Mr.  £.  G.  Herrick,  of  the 
latter  place,  to  be  nearly  one  hundred  and  ten  miles.  Another,  seen 
April  29ch,  1859,  is  by  the  same  observer  estimated  approximately  at 
much  over  100  miles  in  height.    (Am.  Jour.  Sci.  [2]  XXVIII.  154.) 

Profl  Loomis  calculates  the  height  of  the  base  of  the  auroral  certain, 
August  28th,  1849,  as  about  forty  miles,  but  the  same  observer  esti- 
mates the  Jieight  of  the  belts  of  this  aurora  in  other  places  as  over  one 
hundred  and  fifly  miles. 

Fi^qnenoy  of  auroras. — Auroras  are  perhaps  rather  more  fre- 
quently seen  in  winter  than  in  summer ;  but  this  circumstance  does 
not  indicate  that  during  the  former  season  there  are  actually  a  greater 
namber,  for  the  increased  length  of  night  would  render  a  greater  num- 
ber visible,  even  if  they  were  equally  distributed  throughout  the  year. 
During  the  summer  of  1860,  auroras  have  been  uncommonly  frequent 
in  the  N.  United  States.  About  the  period  of  the  equinoxes  they  appear 
to  be  more  frequent  than  at  other  times.* 

Id  addition  to  the  onnaal  period,  there  appears  to  be  another,  a  secular  period, 
ezfeendiag  through  a  number  of  years.  One  of  these  periods  was  eomprised  be- 
tween 1717  and  1790;  its  maximum  iras  obtained  in  1752.  An  increase  in  the 
frequency  of  auroras  began  again  in  1820.  Prof.  Olmsted,  in  an  important  paper 
on  this  subject,  in  the  Contrib.  of  Smithson.  Inst.,  vol.  8,  selects  one  of  these 
secular  periods  between  August  27th,  1827,  and  November,  1848,  or  a  little  later. 
The  number  of  auroras,  observed  for  a  period  of  about  sixteen  years,  at  New 
Haven,  by  Mr.  E.  C.  Herrick,  is  given  in  the  following  table : — 


AURORAS 

OBSERVED 

AT   NEW 

HAVEN   DURING    SIXTEEN   TEARS. 

Number  of  auroras 

Number  of  auronbi. 

AprU  1837  to  April 

1838, 

42 

April  1845  to  April  1846, 

21 

"     18.38  " 

1839, 

34 

"     1846  "       "       1847, 

25 

"     1839  ** 

1840, 

43 

u     1847  "       "       1848, 

30 

"     1840  " 

1841, 

48 

"     1848  "       "       1849, 

42 

"     1841  " 

1842, 

29 

"     1849  "       "       1850, 

18 

"     1842  *• 

1843, 

9 

«     1850  "  March  1851, 

15 

«     1843  " 

1844, 

7 

Oct.  1851  "    Oct     1852, 

33 

"     1844  " 

1845, 

10 

"     1852  "      "       1853, 

24 

997.  Qeographioal  diatribution  of  aororaa. — Prof.  Loomis  has 
lately  (Am.  Jour.  Sci.  [2],  XXX.,  89)  published  a  chart  showing  the 
dintribution  of  auroras  in  the  northern  hemisphere.  He  hHowh  from  a 
tabular  comparison  of  record  rd  obFervations,  that  near  the  parallel  of 
40°  N.,  on  the  meridian  of  Washington,  there  are  only  10  auroras 
annually;  nearly  42''  N.,  the  average  is  20  annually;  near  45°  it  is 

•  See  a  paper  on  Hazham's  Obaervationg  (Am.  Jour.  Sci.  [1],  XXXIII.,  301), 
showing  that  the  A.  B.  ia  aa  abundant  in  aummer  as  in  winter. 
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40 ;  and  near  the  parallel  of  50®  it  is  80  annaalij.  Between  this  and 
the  parallel  of  62®,  auroras  are  seen  almost  every  night,  appeuiag 
high  in  the  heavens,  and  as  often  to  the  south  as  to  the  north.  Abofs 
62®  they^ip  seldom  seen,  except  in  the  south,  and  from  this  point  thej 
diminish  in  frequency  and  brilliancy  as  vre  advance  towards  the  pok 
On  the  meridian  of  St.  Petersburg  a  similar  comparison  ^vestlikt 
result,  except  thftt  the  auroral  region  is  situated  further  north  than  it 
is  in  America,  the  sone  of  80  auroras  annually  being  from  66®  to  75^  N. 
Prof.  Loomis's  chart  (loc.  ciL)  shows  that  the  region  of  greatest  auroral 
activity  is  an  elliptical  belt,  having  one  focus  near  the  north  pole,  and 
the  other  near  the  pole  of  magnetism,  and  whose  major  axis  crosses  the 
meridian  of  Washington,  near  lat.  56®,  and  the  meridian  of  St.  Peten- 
burgh,  in  lat  71®.  Accordingly,  auroras  are  more  frequent  in  the 
United  States  than  in  the  same  latitudes  of  Europe.  Thus,  on  tlie  line 
of  50®,  we  find  in  North  America  40  auroras  annually,  but  in  Europe 
less  than  10  on  the  same  parallel. 

998.  Magnetic  diBtorbances  daring  auroral  displays. — During 
the  prevalence  of  auroras,  all  the  magnetic  elements  show  great  dis- 
turbance, simultaneously,  at  the  most  distant  stations.  This  statement 
is  confirmed  by  comparing  the  observations  at  Toronto,  Canada  West, 
lat.  43°  59'  35'^  N.,  long.  79°  2V  30^'  W.,  with  those  at  St.  Petersburgh, 
Russia,  lat.  59®  56'  30''  N.,  Ion.  30®  19'  E.,  on  the  2d  and  3d  of  Sep- 
tember, 1859,  during  the  great  aurora  alreadgr  descriljed,  when,  on 
several  occasions,  the  magnets  in  the  several  instruments  oscillated 
completely  beyond  their  scales^-equal  to  a  total  deflection  of  over  5}' 
of  arc.     (Am.  Jour.  Sci.  [2],  XXA'IIL,  390,  and  XXX.,  80.) 

The  magnetic  oscillations  sympathize  with  the  auroral  streamers ; 
when  the  arc  is  quiet,  the  needle  rests.  During  the  grand  aurora  of 
November  14,  1837,  the  range  of  oscillation,  as  observed  at  New  Haven 
by  Messrs.  Herriek  and  Haile,  was  6°. 

999.  Effect  of  the  aurora  on  telegraphic  wires. — This  phenome- 
non, already  alluded  to  (994),  is  entirely  distinct  from  the  induction 
of  static  electricity  during  thunder-storms  from  the  atmosphere  (860). 
During  the  aurora  of  August-September,  1859,  several  of  the  telegraphic 
lines  in  the  United  States  were  worked,  for  hours  together,  entirely  bj 
the  magnetic  current  induced  from  the  aurora,  the  batteries  being 
detached.  Chemical  decompositions,  and  powerful  heating  and  Inini* 
nous  effects,  have  been  often  ol  served  from  the  currents  induced  during 
auroral  disturbances.  These  facts  were  first  noticed  by  Mr.  G.  B. 
Prescott,  at  New  Haven,  in  1847.  In  Europe,  during  the  great  aurora 
of  1859,  the  same  disturbances  of  the  telegraphic  lines  were  observad 
as  in  this  country. 
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While  all  the  lines  were  more  or  less  affected,  whatever  their  direc- 
tion, it  appears  that  the  disturbances  were  more  marked  on  the  north 
and  south  going  lines,  than  on  those  going  east  and  west:  and  in 
Tuaoanj,  Prof.  Matteucoi  obserred,  that  where  there  were  several  par- 
allel lines,  one  above  the  other,  the  upper  wires  were  most  affected, 
and  those  nearest  the  earth,  least ;  and  that  the  inductive  effects  were 
stronger  on  the  longest  lines. 

1000.  Reversal  of  polarity  in  the  aororal  current. — Mr.  Prescott 
first  determined,  by  observation  on  the  aurora  of  July  19,  1852,  that 
the  auroral  current  invariably  changes  its  polarity  with  every  wave, 
first,  a  positive  current,  producing,  on  Bain's  system,  a  deep  blue 
mark,  light  at  first,  and  then  stronger,  until,  having  attained  the  inten- 
sity of  at  least  200  Grove's  cups,  it  subsided,  and  was  followed  by  a 
current  of  reverse  polarity,  which  bleached  instead  of  coloring  the 
paper.  Sometimes  a  flame  of  fire  followed  the  steel  stylus,  and  burned 
through  a  dozen  thicknesses  of  the  prepared  paper.  Free  or  atmo- 
spherio  electricity,  when  it  is  induced  on  the  telegraph  wires,  produces 
no  color  on  the  paper.    (Am.  Jour.  Sci.  [2],  XXIX.,  92  and  391.) 


Problems  on  Electricity. 

243.  Compare  the  force  of  electricity  on  two  similar  balls,  of  whjoh  one  repels 
the  needle  of  the  torsion  electrometer  45®  and  the  other  100®. 

244.  The  extreme  plates  of  a  voltaic  battery,  being  placed  in  contact,  there 
was  no  exterior  resistance,  and  the  electro-motive  force  manifested  by  the  evo- 
hition  of  hydrogen  was  reckoned  as  unity,  or,  ^  =  1,  r  =  1,  |  881.  A  pair 
of  electrodes  having  then  been  united  to  the  poles,  and  the  bath  arranged  for 
•lectrotyping,  the  gas  evolved  was  found  to  be  only  one-twentieth  as  much  as 
before.  Calculate  the  relative  value  of  r  and  X,  and  also  the  intensity  of  the 
battery. 

245.  In  the  case  of  a  Voltaic  battery,  so  constructed  that,  when  in  use,  the 
exterior  resistance  L  is  equal  to  nineteen  times  the  resistance  of  the  battery  r, 
what  would  be  the  effect  of  doubling,  trebling,  and  quadrupling  the  dimensions 
of  all  the  plates  in  the  battery  ? 

246.  With  the  same  conditions  as  in  the  preceding  case,  L  =  19r,  how  would 
the  intensity  of  the  current  be  changed  by  doubling  the  number  of  couples  in 
the  battery  ? 

247.  In  a  battery  in  which  X  =  r,  or  the  external  resistance  is  equal  to  the 
resistance  of  the  battery,  how  will  the  intensity  vary  by  doubling  the  number 
of  couples  of  the  same  dimensions  in  the  battery  ? 

248.  When  X  =  4r,  what  advantage  would  be  gained  by  uniting  two  similar 
batteries  in  a  single  series  ? 

249.  If  in  the  use  of  a  Voltaic  battery  of  100  pairs  of  plates,  arranged  in  a 
series,  the  exterior  resistance,  X,  is  found  to  be  six  times  the  resistance  of  the 
battery,  r.  what  change  of  intensity  will  be  produced  by  so  uniting  the  couples 
as  to  form  only  four  groups,  each  having  twenty-flve  times  the  previous  extent 
«f  siirfkee? 
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ADDENDA. 


NoTK  TO  2  S69.— Uniform  musical  pitch.— A  general  congreM,  ealM 
together  by  the  Society  of  Arts,  at  London,  Jane  8,  1860»  of  mnsiciani,  aaa- 
teart,  and  otkers  interested  in  music,  faaTe  accepted  the  report  of  a  commitlsi 
appointed  in  1859,  to  consider  the  subject  of  nnifonn  musical  pitch.  This  cob- 
mittee  recommend  a  pitch  of  628  full  Tibrations  for  C  =  440  for  A,  basing  tbdr 
calculations  on  33  single  Tibrations  of  an  organ  pipe  32  feet  high,  in  place  of  33 
▼ibrations,  the  actual  number.  The  following  is  the  scale  at  this  pitch— the 
only  one  yet  proposed  which  gires  all  the  sounds  in  whole  numbers : — 

CDBFOABC 

264     297     330     36i     396     440     495     528 

This  pitch  is  but  16  Tibrations  per  second  higher  than  the  normal  Diapason, 

C  =s  512,  or  "  Stuttgard  pitch,"  and  18  Tibrations  lower  than  the  present  pitch 

of  546.     It  is  therefore  nearly  half  way  between  the  two,  being  a  quarter  (one 

aboTo  one,  and  the  same  quantity  below  the  other. 

The  commission  recently  appointed  to  report  on  the  pitch  in  France  haft 
adTised  the  following  scale : — 

CDBFOABC 

261     2981     326i     348     39U     435     489i     522 
The  following  is  a  list  of  the  scTcral  pitches  considered  in  this  report : — 
Handel's  Tuning  Forlc  (C.  1740)  A  at  416    =  C  at  499^ 
Theoretical  Pitch  A  "  426|  =  C  "  512 

Philharmonic  Society  (1812-42)   A  "  433    =  C  «  518f 
Diapason  Normal  (Paris,  1859)    A  ''  435    =  C  «<  522 
Stuttgard  Congress  (1834)  A  '<  440    =  C  "  528 

Italian  Opera,  London  (1859)       A  "  455    =  C  "  546 

{Journal  of  the  Society  of  ArU,  June  8,  1860.) 
NoTB  TO  §  343.— The  velocity  of  all  souncUi  not  the  same.— Rev. 
E.  S.  Earnsbaw,  of  Sheffield,  England,  lately  brings  good  evidence,  both  mathe- 
matical and  physical,  to  show  that  the  accepted  views  stated  in  |  343  are  correct 
only  for  sounds  having  no  very  great  difference  of  intensity.  Every  note  in  music 
may  be  formed  by  two  kinds  of  vibrations  of  the  same  rapidity,  but  differing  in 
wave-length  and  velocity  of  transmission.  Only  one  variety  of  these  waves  is 
supposed  in  general  to  be  sensible  by  human  ears.  The  velocity  of  sounds  of 
all  kinds  is  a  certain  function  depending  upon  the  rapidity  and  length  of  vibra- 
tion. In  the  case  of  violent  thunder  the  numerical  value  of  this  function  becomes 
much  greater  than  for  ordinary  sounds.  These  and  other  remarkable  concla- 
sions  are  sustained  by  mathematical  reasoning.  The  author  of  the  memoirs  also 
cites  evidence  to  show  that  the  crash  of  violent  thunder-claps  has  been  often 
heard  almost  simultaneously  with  the  flash  of  lightning,  although  the  stroke 
fell  several  miles  distant.  {LondoUf  Edinburghf  and  Dublin  Phil.  Mag.j  June, 
July,  Sept  1860.) 

Note  to  \  392.— Sounds  produced  by  insects.— Burmeister  has  shown 
that  the  usual  opinion  of  naturalists  (expressed  in  §  392)  is  erroneous,  and  that  the 
sounds  produced  by  insects  are  formed  by  the  expansion  and  contraction  of  their 
air  tubes,  the  sound  being  formed  by  the  passage  of  air  through  the  orifices  of 
the  tubes,  which  act  like  a  whistle.    ( Taylor^a  Scientific  Memoir;  Vol.  I.,  p.  377.) 
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TABLE  I. 
MEASTJBES   AND    WEIGHTS. 


SNGLISn  MEASURES. 

Measures  of  Length, 

Tub  inch  is  the  smallest  lineal  integer  now  used.  For  mechanical 
purposes  it  is  divided  either  duodecimally  or  by  continual  bisection ;  but 
for  scientific  purposes  it  is  most  convenient  to  divide  it  decimally.  The 
larger  units  are  thus  related  to  it : — 


Mile.  Foriongi.  Chain*.  Itod&FAtbomt.        Tarda. 

Feet             UnkB.            Inebee. 

1=8  =  80  =  820  =  880      =1760    = 

5280      =8000     =68860 

1  =  10=   40  =  110      =   220    = 

660      =1000     =   7920 

1.-^     4=   11      =     22    = 

66      =   100     =     792 

1=     2-75=       5-6  = 

16-5   =     25     =     198 

1      =       2    = 

6      =       9tV=       72 

1     = 

3      =       4T«r=       86 

1      =       li}=       12 

•000126=001=01=  -04=   11=  -22^ 

0-66=       1     =         7-92 

1 


Measures  of  Surface. 

Booda.        8<iiiare  Chains.    Square  Tarda.  SquaivF^et 

4        =      10         =      4840      =  48,560 

1        =        2-6      =      1210      =  10,866 

1         =        484      =  4,856 

1       =  9 


Measures  of  Volume. 


CoMeTard.        CaUeFeet 

Cnblo  Inch* 

1         =         27        » 

46,656 

1         = 

1,7J8 

69 
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Imperial  Measure, 

The  Imperial  Standard  Gallon  contains  ten  pounds  aToirdapoiswdg^ 
of  distilled  water,  weighed  in  air  at  62^  Fahr.  and  30  in.  Barom.,  or  12 
pounds,  1  ounce,  16  pennyweights,  and  16  grains  Troy,  =s  70,000  graini' 
weight  of  distilled  water.  A  cubic  inch  of  distilled  water  wdg^ 
252*458  grains,  and  the  imperial  gallon  contains  277*274  cnbie  incfaei. 

DIsUlIed  Water.. 

Grains.         AToir.  lb.         Cnbie  Indiet.        Pint      Quart    GaDa.  FMka.  BoiIl  (^ 
8,750=      1-25=        84-659=     1 

17,500=      2-5  =         69-318=      2=      1 

70,000=    10  =       277-274=     8:==     4=    1 

140,000=    20  =       554-548=    16=      8=    2=    1 

560,000=    80  =    2,218-192=    64=    82=    8=    4  =  1 

4,480,000  =  640  =  17,745-586  =  512  =  256  =  64  =  82  =  8  =  1 

Apothecaries*  Measure. 

The  gallon  of  the  former  wine  measure  and  of  the  present  Apotheca- 
ries' measure  contains  58,333*31  grains'  weight  of  distilled  water,  or 
231  cubic  inches,  the  ratio  to  the  imperial  gallon  being  nearly  as  5  to  6, 
or  as  0*8331  to  1. 

Gallon.    Pints.       Ounces.       Drachms.  Minims.         Gr.  of  Dial  Wat.     Cab.  Inch. 


1  = 

8    =    128    =    1024    =    61,440    =    58,883-81    =   281 
1    =      16    =      128    =      7,680    =      7,291-66    =     28-8 
31=         8    =        480   =        455.72    =       1-8 
51=          60    =          56-96    =       0-2 

ENGLISH  WBI0HT8. 

Avoirdupois  Weight 

^ond. 
1 

Ounces.                        Drachms. 
=r-              16              =              256              = 
1            =               16            = 

Apothecaries'  I'-oy  Weight. 

Gralna. 
7000 
437-6 
27-84876 

>oand. 

1 

Onncss.                 Drachms.                Scmples. 
=          12          =          96          =          288 
1          —           8         =           24 
1          =             8 

1 

Gralaa. 
=          6760 
«            480 
=              60 
—             20 
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1  Kilometre 
1  Hectometre 
1  Decametre 
1  Metre 

1  Kilometre 
1  Metre 


FRENCH  KSASURES. 

MecL8urts  ofLenffih, 

1000  Metres.  1  Metre 

100      "  1  Decimetre 

10      "  1  Centimetre 

1      <•  1  Millimetre 


0  6214  Mile. 
3  2809  Feet 


1  Centimetre 
2-589954  c.  m. 


1000  Metre. 
0100       " 
0010      " 
0001       " 

0-8987  Inch, 
llnoh. 


Comparison  of  Standard  Measures, 

1  Metre  =  8-28089917  English  Feet,  =    8-28070878  American  Feet 
1  Metre  =  307844400  Paris  Feet,      =  89-86850585  American  Inches. 

Measures  of  Volume, 

1  Cubic  Metre  =  1000-000  Litres.         1  Litre~=  0-22017  Gallon. 

1  Cubic  Decimetre   =        1-000      **  1  Litre  =t  0-88066  Quart 

1  Cubic  Centimetre  =       0  001      "  1  Litre  =  1-76188  Pints. 

1  Cubic  Metre  =    85-81660  Cubic  Feet 

1  Cubic  Decimetre     =    61  02709  Cubic  Inches. 
1  Cubic  Centimetre   —      0-06103     "  " 


1  Kilogramme 
1  Hectogramme 
1  Decagramme 
1  Gramme 


FRENCH  WEIGHTS. 

1  Gramme 


1000  Grammes. 

100 

10 

1 


=  1-000  Gramme. 
1  Decigramme    =   0-100       '< 
1  Centigramme  =  0-010       " 
1  Milligramme   =  0001       " 


1  Kilogramme  =  2-67951  Pounds  (Troy),  =  2-20485  Pounds  (Avoirdupois). 
1  Gramme        =  15-44242  Grains. 

To  coDvert  French  metrical  quantities  into  English  measures  and 
weights  consult  Table  II. 

To  convert  Grains  into  Grammes, 
Log.  Grains  -f-  (—  2-8115680)  =  Log.  Grammes. 

lb  convert  Oubxc  Inches  into  Cubic  Centimetres, 
Log.  Cubic  Inches  +  1-2144993  =  Log.  Cubic  Centimetres. 

2b  convert  Inches  into  Millimetres, 
Log.  Inches  +  1-4048887  =  Log.  Millimetres 
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APPENDIX. 


TABLE  UI. 
EXPANSION  OF  SOLIDS. 


1,000,000  pttrts  at  82^  F. 


At  2120  r. 
become 


BxpeiurioQ. 
In  length.         In  bulk. 


Antbortty. 


English  Flint  Glass 

Glass  tub©  (French) 
Platinum      .     . 
Palladium    .     . 

Tempered  Steel 

Antimony 

Iron    . 

Bismuth 
>  Gold  . 

Copper 
I  Brass 
:  Silver 
I  Tin     . 

Lead  . 
I  Zinc  . 


1,000,811 

1,000,801 
1,000,884 
1,001,000 

1,001,079 

1,001,088 

1,001,182 

1,001,892 
1,001,466 
1,001,718 
1,001,866 
1,001,909 
1,001,987 
1,002,848 
1,002,942 


1  in  1248 

1  in  1148 
1  in  1181 
1  in  1000 


1  in  816 

1  in  382 

1  in  877 

1  in  833 


1  in    926     1  in    809 


lin 

1  in 

1  in 
1  in 
lin 
lin 
1  in 
1  in 
1  in 
1  in 


928 

846 

718 
682 
582 
536 
524 
516 
851 
340 


lin    807 
1  in    282 


1  in 
1  in 
1  in 
1  in 
1  in 
1  in 
1  in 
1  in 


239 
227 
194 
179 
175 
172 
117 
113 


I  (    LaToisier 
j  i  &  Laplace, 
r   Dulong  k 
I  \       Petit. 
Wollaston.  i 
r    LaToisier 
\  &  Laplace. : 
Smeaton.    i 
/  Dulong  k  I 
\       PeUt     I 
Smeaton.  , 


Laroisier 
&  Laplace. , 

Smeaton.  i 


INCREASE  OF  MEAN  EXPANSION  BT  HEAT. 


Expansion  for  em^  degree  F. 


Between 
82°  and  2120. 


Glass 1  in  69660  1  in  65340  1  in  59220  ' 

Platinum 1  in  67860  ....  1  in  65340  i 

Iron 1  in  50760  ....  1  in  40860  1 

Copper !  1  in  84920  ....  1  in  21060  ! 

Mercury '  1  in    9990  1  in    9965  1  in    9518  ' 


Between 
32°  and  392°. 


Between 
329  and  672°. 


1,000,000  parte  at  Q2P  F. 

At  212°  P.   j    Atoe^F. 

At  Freesing  Point 

Black  lead  ware    . 

1,000,244  ;  1,000,703 

1 

Wedgewood  ware  . 

1,000,785  1  1,002,995 

Platinum     .     .     , 

1.000,785  :  1,002,995 

r  1,009,926  maximum,  but 
[     not  fused. 

Cast  iron      .     .     . 

1,000,893    1,003.948 

1,016,389 

Wrought  iron  .     . 

1,000,984     1,004,488 

f  1,018,878  to  the  fusing 
,      point  of  cast  iron. 

Copper    .... 

1,001,430    1,006,847 

1,024,376 

Silver      .... 

1,001,626    1,006,886 

1,020,640 

Zinc 

1,002.460  1  1,008,527 

1,012,621 

Lead 

1,002,828  1 

1,009,072 

Tib 

1,001,472 

1,037,980 
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TABLE  IV. 
BXPAKSION  OF  LIQUIDS. 

BETWEKN  32^  AND  212^  F. 


1.000,0( 

[X)  parts  mercury  become       .     . 

1                  1 
1,018,153    1  in  55     1  Regnault. 

"    pure  water  become 

1,046,600    1  in  21-3  '  Dalton. 

**    sulphuric  acid  become 

1.058,823    1  in  17     ,  Dalton. 

"     chlorohydric  acid  become 

1.058,823    1  in  17 

Dalton. 

"    oil  turpentine  become 

1,071.428 

1  in  14 

Dalton.      ' 

"    sulphuric  ether  become 

1,071.428 

1  in  14 

Dalton. 

"    fixed  oils  become      .     . 

1,080,000 

1  in  12-5 

Dalton. 

**    alcohol  become     .     .     . 

1,111,000 

1  in    9 

Dalton. 

**    nitric  acid  become    .     . 

1,111,000 

lin    9 

Dalton. 

EXPANSION  OF  LIQUIDS  OF  SIMILAR  CHEMICAL  COMPOSITION. 


f 

Aldehyde. 

C<U409. 

Butjrie  Acid. 

AoeUte  of  Ethyl. 
CiiHt04. 

oo. 

Pierre. 

(Ss?:) 

Piern*. 

Kopp. 

» 

(B.  P.  220,) 

(1630.) 

(167°.) 

(7410.) 

0 

10000 

10000 

10000 

10000 

10000 

10000 

10 

9817 

9880 

9872 

9867 

9846 

9843 

25 

9567 

9596 

9688 

9667 

9629 

9622 

45 

9284 

9458 

9439 

9359 

9852 

60 

9094 

9288 

9271 

9172 

9165 

75 

9128 

9112 

8996 

8988 

110 

8781 

8766 

8633 

«a 

Chlorid 

of 
Ethylene. 
C«IUCIs. 

(84^.) 

1 

Mooochlo-  Honochlo- 

rinated   i   rioated 

Chlorid    \  Chlor  of 

of  Ethyl.  Ethylene. 

Blchlori- 

n«ted 

Chlorid 

of  Ethyl. 

Pierre. 
(74^.) 

Fonniate  of  Ethyl. 

Ctll«04. 

AoeUte  of  Methyl. 

CiH4Gl» 
PJerre. 

(64-80.) 

c«uk;i«. 

lierre. 
(114-20.) 

Pierre. 
(529*.) 

(64V?) 

Pierre.        Kopo. 
(60-6O.)      (m¥.) 

0 
26 
55 
80 

10000 
9667 
9381 
9068 

10000 

9669 
9300 
9008 

10000 
9693 
9350 
9090 

10000 
9648 
9267 
8988 

10000 
9632 
9241 
8958 

10000 
9631 
9248 

10000   1   10000 
9633  1     9631  | 
9243       9243 
8955 
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TABLET. 
EXPANSION  OF  GASES. 

IZPAN8I0N  FOR  A  CONSTANT  TOLUME.* 


Prowure  at 

Air. 

Ezpaniion  for 

Otrbonlc  Add. 

Pmviiraat 

Prearareat 

Pre—ore  at 

SrJPW. 

212°  F. 

180»F. 

82°  F. 

212°  F. 

180°  F. 

m.  m. 

m.m. 

m.m. 

m.m. 

109-72 

14981 

0-86482 

758-47 

1084-54 

086856 

174  86 

287  17 

0-86513 

901-09 

1230-87 

0-86943 

266-06 

895  07 

0-86542 

1742-98 

2887-72 

0-87623 

874-67 

610-85 

0-86587 

8589-07 

4759-08 

0  88598 

875-28 

61095 

0-86572 

760  00 

i( 

0-86650 

1678-40 

2286  09 

0-36760 

1692-63 

2806-28 

0-86800 

2144.18 

2924-04 

0  86894 

8655.66 

499209 

0-87091 

EXPANSION  FROM  32°  TO  212**  P.  AT  A  CONSTANT  PRESSURE.* 


Hydrogen. 


Air. 


GarboDlo  AcSd.  Salpharooii  Arid. 


760  0-86613    760  0-36706 

2546  0  36616   2526  0  86944 

2620  0  36964 


"eo'  0-37099 
2520  0-38456 


760   0  3902 
980   0-3980 


TABLE  VI. 

RADIATING  POWER  ACCORDING  TO  PROVOSTAYB,  DESAIN8, 
AND  MELLONI. 


Lampblack  being    .     .     .  100 

Pure  rolled  silver    .     .    !  8-00 

Pure  burnished  silyer  .     .  2-60 

Rolled  platinum      .  10-80 

Gold  in  leaf 4-28 


Rough  silver  (deposited  on 

copper) 5  36 

Burnished  silver  (pure)  .  .  2-25 
Burnished  platinum  .  .  .  9-50 
Sheet  copper 4-90 


*  Conrs  de  Phyiiqne.    Par  M.  J.  Jamin.    Tome  it  p.  70. 
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TABLE  VII. 

CONDUCTING  POWER  OF  METALS  AND  BUILDING  MATERIALS. 
A.— CONDUCTING  POWER  OF  XETALS. 


Name  Of  Metal. 


Defiprets. 


Wiedemann 
AFrans. 


Beoqnerel. 


•    I 


Gold .     . 

Platinum 

SiWer    . 

Copper  . 

Brass     . 

Steel      . 

Iron 

Zinc 

Tin 

Lead      .     . 

Palladium 

Bismuth 

Marble  .     , 

Porcelain    , 

Brick  clay 


10000 
9810 
978-0 
898-2 


874-8 
868  0 
803-9 
179-6 


28-6 
12-2 
11-4 


1000 
168 
1880 
1888 
444 
218 
224 

278 

160 

118 

84 


1000 

124-91 
1461-37 
1888-61 


188-8 

876-8 

212-09 

128-66 

217-08 


B.— CONDUCTING  POWER  OP  BUILDING  MATERIALS. 


Name  of  Substance. 

(Tonducting   , 
power  referred  '         Name  of  Bubetance. 
to  slate -^  100.  , 

Condactlnff 
power  nferred 
to  slate— 100. 

Plaster  and  sand 
Keene's  cement 
Plaster  of  Paris 
Roman  cement 
Lath  and  plaster 
Fir  wood       .     . 
Oak  wood     .     . 
Asphalt   .     .     . 
Chalk  (soft) 
Napoleon  marble 
Stack  brick  .     . 

18-70 
19-01 
20-26 
20  88 
26-65 
27-61 
88  66 
46-19 
66  38 
68-27 
6014 

Bath  stone    .... 
1  Firebrick     .... 

Paniswick  stone,  H.  P. 
1  Malen  brick      .     .     . 

Portland  stone  .     .     . 

Lunelle  marble      .     . 

BalsoTer  stone,  H.  P. 

Norfal  stone,  H.  P.    . 

Slate  

Yorkshire  flag  .     .     . 

Lead 

• 

61-08 

61-70 

71-86 

72-92 

7^-10 

76-41 

76-86 

96-86 

10000 

110-94 

621-84 
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TABLE  VIII. 

ABSOllPTIVE  POWER  OF  DIFFERENT  BODIES. 


r^ii'li'n^ntttp  of  lend ,     ,     , 

Writing  paper      ,,.,..... 
Glass      ,.,...,*,... 

Cljiiiii  ink  r     .      .     « r     . 

Cum  Iac      ........... 

*Siher  fuil  an  jiluifls   ..,,...     . 

('iisil  iron,  jnhlij'hpil   .,.»,,<, 

WroDgliC  ii'0[i.  polish^ 

Mt^rcury      .,..,.,...* 

Zinc.  poli*4licd ,     ♦     . 

Steel 

PUtinutis,  thick  coat,  imperfectly  poiiib^d 

*'  fnv  Clipper 

'*  learea        .......* 

Tm .     ,     . 

Metallic  [nirrort<^  a  littk  tarniitied       .     . 
Ciearlj  polieli^d 


AlwrpCltA 

Rd^l^Ctini 

Pokv. 

Ptjitn-, 

100 

0 

100 

0 

98 

2 

90 

10 

8§ 

16 

72     : 

£8 

27 

73 

25 

75 

23 

77 

2S 

77 

19 

81 

17 

83 

24 

76 

17 

sa 

17 

83 

14 

80 

17 

88 

14 

S6 
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TABLE  X. 

DIATHERMANCY  OP  DIFFERENT  LIQUIDS. 


Of  100  incident  rayt. 

Trans- 
mitted 

,Tnin»- 
mined} 

Bisulphid  of  carbon  (odorless^ 
Bichlorid  of  sulph.  (red  brown) 
Terchlorid  of  phosphorus 
Essence  of  turpentine  .     .     . 
Colza  oil  (yellow)    .... 
OliTe  oil  (greenish)      .     .     . 

68 
62 
62 
81 
80 
80 

Ether   

Sulphuric  acid  (colorless)    . 
Sulphuric  acid  (brown)   .     . 

Nitric  acid 

Alcohol          

Distilled  water 

21 
17 
17 
14 
15 
11 

TABLE  XL 

[jSa/tb  ofSpedfie  Heat  to  Atomic  Weight.'\ 

SPECIFIC  HEAT. 

A. — SOLIDS. 


Wat«r  — liX). 


NamM. 


Aluminum  . 

Sulphur  .  . 

Iron   .     .  . 

Cobalt     .  . 

Nickel     .  . 

Copper    .  . 

Zinc  .     .  . 

Selenium  . 

Tin     .     .  . 
Platinum 

Lead  .     .  . 
Phosphorus 

Arsenic  .  . 

Silver      .  . 

Iodine     .  . 

Antimony  . 

Gold  .     .  . 

Bismuth  .  . 


Spadflo  Heati. 

a 


Atomie  Welghti. 
p. 


0-2148 
0-2026 
0-1138 
01070 
01086 
00952 
0-0956 
00762 
00562 
00324 
00814 
0-1887 
00814 
0-0570 
0  0541 
00508 
00824 
0-0808 


18-7 

16 

28 

29-5 

29-6 

81-7 

82-6 

40 

59 

98-7 
108-7 

81 

75 
108 
127 
120-8 
197 
208 


Product, 

cxp. 


2-94 
8-24 
8-19 
819 
8-21 
802 
812 
804 
8-81 
8  20 
8  26 
5-85 
6-10 
6-16 
6-87 
611 
6-88 
6-41 


B. — LIQUIDS. 


Mercury  (liquid)  . 
Mercury  (solid)  . 
Bromine  (liquid)  . 
Bromine  (soUd)  28<> 


0-08881 
0-08241 
011094 
008482 


100 

100 

80 

80 


8-88 
8-24 

6-74 
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TABLE  Xl'-^Coniinued.) 
SPECIFIC  HEAT. 

0.^-GASB8  AND  TAP0R8. 


' 

Capacity  for 

Capadtyfor 

NaoMoCBabttanoe. 

equal  weixhta. 

equal  volomea. 
Water  of  equal 

SpedfleOraTity. 

1 
I 

Water  —  1. 

weight  being  «1. 

!  Atmospheric  air* .     ,     .     . 

0-2879 

10000 

:  Oxygen  .     .     . 

0-2182 

0-2412 

1-1056 

Nitrogen      .     .     . 

0-2440 

0-2370 

0-9718      • 

'  Hydrogen    .     . 

8-4046 

0-2356 

0-0092 

Chlorine       .     . 

01214 

0-2967 

2-4400 

I  Bromine      .     . 

0-0662 

0-2992 

6  3900 

!  Nitrous  oxyd    . 

0-2288 

03413 

1-6250 

Nitric  oxyd 

0-2816 

0-2406 

10390 

;  Carbonic  oxyd 

0-2479 

0-2399 

0-9674 

Carbonic  acid  . 

6-2164 

0-8308 

1-6290 

Sulphid  of  carbon 

01675 

0-4146 

2-6325 

Sulphurous  acid 

0-1 563 

0-3489 

22470 

Ammonia  gas   . 

0-6080 

0  2994 

0-5814 

Oletiant  gas 

0  3694 

0-3572 

0-9672 

Water  vapor      . 

0-4750 

0.2950 

0-621U 

!  Alcohol  vapor  . 

04513 

0.7171 

1  -581^) 

1  Ether  vapor 

04810 

1  -2296 

2  5563 

Chloroform 

01668 

0  8310 

6  3000 

'  Vapor  of  mercury 

6  9760 

1  Vapor  of  loJine 

8-7160 

TABLE  XIL 
FREEZING  MIXTURES. 


Sabstaneed. 

Parts  by 
Wi-lgbL 

1 

OooUog  in  Degreei  F.         1 

Sulphate  of  soda 

Hydrochloric  acid 

Snow  or  ice 

Common  salt 

Sulphate  of  soda 

Dilute  nitric  acid 

Sulphate  of  soda 

Nitrate  of  ammonia 

Dilute  nitric  acid    .     .                .     . 

Snow  or  ice 

Chloride  of  calcium 

l\ 

4^ 

from  +  60°  to      0« 

i 

<«   4.  50O   "  —  8«      1 

«   4-  60*»  "  — 14<» 

"   -h20*»  "  — 14<» 

1 

*  I>%  \%  'ELoq\i^  %A.d.  B«i«xd. 
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TABLE  Xni. 
DIATHERMANCY  OF  DIFFERENT  SOLIDS. 


8abftaii«e  of  SereeiUL 


[■Kb  pUte  waa  2^  m.  m.  (0-1  In.)  In  thick.] 


SouroM  of  Heat 


Naked 
Flame. 


Ifniited 
Platinum. 


0)pp«»r     I     Copper 
7SUOF.    I     212"  F. 


Rock  salt  (limpid)  .     . 
Silician  sulphur  (yellow) 
Fluor  spar  (limpid) 
Rock-salt  (cloudy) 
Beryl  (greenish  yellow) 
Iceland  spar  (limpid)  . 
Plate  gliiss     .... 
Quartz  (limpid)  .     .     . 
Quartz  (smoky)  .     .     . 
White  topaz    .... 
Tourmaline  (dark  green) 
Citric  acid       .... 

Alum 

Sugar  candy  (limpid)  . 


92-8 

74 

72 

65 

46 

89 

89 

88 

87 

88 

18 

11 

9 

8 


92-8 

77 

69 

65 

88 

28 

24 

28 

28 

24 

16 

2 

2 

1 


92-3 
60     • 
42 
65 
24 

6 

6 

6 

6 

4 

8 

0 

0 

0 


92  8 

54 

53 

65 

20 

0 

0 

3 

8 

0 

0 

0 

0 

0 


TABLE  XIV 


TENSION  OF  VAPORS  AT  EQUAL  DISTANCES  ABOVE  AND  BELOW 
THE  BOILING  POINTS  OF  THEIR  RESPECTIVE  LIQUIDS. 


BtfgnaaU.                  Ur«. 

Ulre. 

Ifftrz.                  Arogsdro. 

'    Xanber  of  d«* 
T>«low  boUlBg. 

WmUT. 

Aloobol. 
Bp.  Or.<h81S. 

T«B».  'preware 

EUi«r. 
Temp.  PreMora 

* 
Salph'tCarbM. 

Temp.  Pmrare 

Ifereury. 

Temp. 

PrcMore 

Temp.  Premnr* 

OW. 

inohM.  1    OF.    :  laohM. 

or.         iDChM. 

or.       iDohM.       or.      loebek  | 

+  40O 

262 

6314 

1 

1 

+  200 

282 

44  06 

124    42-64 

137    4019 

Boilinep't. 

212 

30-00 

178 

8000    104    30  00 

117  1 29-87 

680    3000 

-20« 

192    19  87 

158  il9  30     84    20-90'    97  ,20-65 

1 

—  400 

172 

12  78 

133 

11  60     64    13-00     77 

13  89 

630    19  85 

—  60<» 

152 

7-94 

118 

6-70     44  ,   810     57 

9-07 

1 

—  80« 

182 

4-67 

98 

8-67           i               87 

5-78 

500    14  08 

60 
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TABLE  XV. 

MELTING  POINTS  AND  LATENT  HEAT  OF  FUSI  iN  01  DIPPBREKl 

BODIES. 


Molting  Point 

LaUntHMt* 

Water-1. 

Mercury 

Oil  of  vitriol 

Bromine 

Water 

Phosphorus    

Potassium  (about)  .     .     . 

Yellow  wax 

Sodium 

Iodine^. 

Sulphur 

Tin 

Bismuth 

Lead 

Zino 

Antimony 

Silver 

oir:  ::;:;: 

Cast  iron  (above)     .     .     . 
Wrought  iron      .... 

Platinum 

Nitrate  of  soda    .... 
Nitrate  of  potash     .     .     . 
Nitrate  of  silver       .     .     . 

—  89 

—  80 

—  4 

+  111 

181 

148 

190 

224 

239 

455 

518 

630 

761 

963 

1873 

+2143 

2016 

2786 

3280 

4591 

591 

642 

611 

142-1 
8-08 

78-82 

16-51 
26-74 
22-80 
9-27 
49-43 

87-92 

113-86 

8312 

118-84 

0-086 

1-000 
0066       . 

0661       i 

1 

0-116       1 

0-180 

0-166 

0065 

0847 

0266 

•797 
•584 
•704 

TABLE  XVI. 
BOILINQ  POINT  OP  WATER  UNDER  DIFFERENT  PRESSURES. 


1 

Boiling  Point 

Boiling  Point 

Inches. 

°P. 

Inefaas.             ' 

184 

16-676 

200 

28-464          i 

186 

17-421 

202 

24-441 

188 

18196 

204 

25-468          i 

190 

18-992 

206 

26-529          , 

192 

19-822 

208 

27-614          ' 

194 

20-687 

210 

28-744          1 

196 

21-676 

212 

29-922          1 

198 

22-498 

214 

81120 

*  The  numbers  in  this  column  may  be  considered  as  the  number  of  pounds  of 
water  that  could  be  raised  1°  F.  by  the  boat  emitted  during  the  congelation  of 
one  pound  of  each  of  the  substances  included  in  the  table. 

t  Plattnor. 
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TABLE  XVII. 
BOILING  POINTS  OP  LIQUIDS. 


Temperature. 

Temperature. 

Salphorous  acid      . 

17.6 

Nitric  acid,  sp.  gr.  1-42 

248-0 

Chlorid  of  ethyl      . 

61-9 

Bichlorid  of  tin  .     . 

2402 

Aldehide  .... 

69-4 

Fousel  oil  .     .     .     . 

269-8 

Ether   

94-8 

Terchlorid  of  arsenic 

2800 

Bisulphid  of  carbon 

118-5 

Butyric  acid  .     .     . 

8146 

Terchlorid  of  silicon 

188-2 

Naptha      .... 

820-0 

Ammonia,  sp.  gr.  0-946 

140-0 

Sulphurous  ether    . 

8200 

Bromine    .... 

145-4 

Phosphorus    .     .     . 

554  0 

Wood  spirit   .     .     . 

1499 

Oil  of  turpentine     . 

568-5 

Alcohol     .... 

1731 

Linseed  oil     .     .     . 

597  0 

Dutch  liquid .     .     . 

184.7 

Sulp.  acid,  sp.  gr.  1  -848 

6200 

Water 

212.0 

Mercury    .... 

662  0 

TABLE  XVIII. 

BOILING  POINT  OP  WATER  AT  DIFPERBNT  PLACES  AND  THEIB 
ELEVATION  ABOVE  THE  SBA. 


Names  of  Plaeea. 


Donkia  (Himalaya) 

Donkia  Pass  (Himalaya)  .  .  . 
Farm  of  Antisana,  S.  A.  .  .  . 
Micuipampa  (Peru)       .... 

Quito 

Mexico 

Hospice  of  St.  Gothard  .  .  . 
Black  Mountain,  N.  C.  (highest  1 

point  in  the  eastern  U.  S.)*    .  j 
Mount  Washington,  N.  H.      .     . 

Madrid 

Salzburg 

Plombieres 

Moscow 

Vienna 

Rome 

Dead  Sea  {below  Mediterranean  1 

Sea) ; 


Abore  (or  be- 
low) the  level 
of  the  sea. 


Feet. 

+  17,887 

16,621 

18,456 

11,870 

9,541 

7,471 

6,808 

6,702 

6,290 

1,996 

1,483 

1,381 

984 

486 

161 

— 1816-7 


Mean  height 

of  the 
Barometer. 


Thermometer.. 


Inch^L 
16442 
15-489 
17-870 
19  020 
20-750 
22  520 
23.070 

22  602 

22-906 
27-720 
28-270 
28-890 
28-820 
29-410 
29-760 

81-496 


Dejsrec*. 
179-90 
18140 
187-80 
190  20 
194  20 
198-10 
199-20 

fl  99-67 

+200-48 
20800 
209-10 
209  80 
210-20 
211-10 
211-60 

t214-44 


•  Gnyot 


f  Estimated  by  Forbes*  ooeffloient 


684 


APPSNDIZ. 


TABLE  XIX. 

BOILINa  POINT  OF  W\TER  AT  DIFFEREKT  ATMO^HERIC 
PRESSURES.— REaKAULT. 


j 

1 

Premara  In  atmo- 
•ph«r«ii  of  30  Inches 

BoninR  Point  of     ' 

PreflRor*  In  fttrao- 
upherMofSOInchM 

BoUins  Point  of 
W&ter 

merourj. 

mercury. 

1 

212    op. 

11 

364  2  «F. 

2 

249  6 

12 

8711 

8 

278-8 

18 

877-8 

4 

291-2 

14 

384 

6 

8060 

16 

390 

6 

8182 

16 

896  4 

7 

829-6 

17 

400-8 

8 

889-5 

18 

405-9 

9 

848-4 

19 

410  8 

10 

866-6 

20 

415  4 

TABLE  XX. 
LIQUEFACTION  AND  SOLIDIFICATION  OF  GASES. 


Namee  of  the  Gases. 

MelUng 
Point. 

—  106° 

—  80 

—  GO 

—  103 

—  122 

—  160 

—  70 

—  66 

—  124 

—  220 

PreMure  la  Atmoepberes. 

At320F. 

At  60O  F.  1              OF. 

Sulphurous  aoid     .     . 

Cyanogen     .... 

Hydriodic  acid      .     . 

Ammonia     .... 

Sulphuretted  hydrogen 

Protoxid  nitrogen 

Carbonic  acid   .     .     . 

Euchlorine  .... 

Hydrobromic  acid 

Fluorid  of  silicon  .     . 
C  Chlorine 

Arseniurettcd  hydrogen 

Phosphuretted  hydrogen 

defiant  gas  .     .         .     . 

Fluorid  of  boron    .     .     . 
[  Hydrochloric  acid      .     . 

1-53 
2-87 
8-97 
4-4 

10 

32 

38-6 

8-96 
26-20 

2  64 

6-86 
6  90 

1819 

616  at  100« 
4t:Oat03 

10  00  nt  83 
14-00  at  62 
33  40  at  36 

26  90  at       <>« 
11-64  at  — 62 
40       at     60 
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TABLE  XXIL— LATENT  AND  SENSIBLE  HEAT  OV  STEAM. 


Temp. 

68 
86 
104 
140 
194 
212 


Latent  Heat 


8nni  of  Latrat 
and  Senidble  Heat. 


1092-6« 
1067-4 
1054  8 
1042  2 
10170 
979-2 
966-6 


1124-6® 

1136-4 

11408 

11462 

11670 

11782 

1178-6 


\ 

Temp. 

UtentHcat 

8am  of  Ut^t 
aodSmidbielkat 

2480 

939  6« 

1187  60 

284 

914-4 

1198-4 

820 

889-2 

1209  2 

888 

874-8 

1212-8 

874 

849  6 

1223  6 

410 

8J2-6 

123-J-6 

446 

795-6 

1241  6 

reonault's  results.    {  G83. 


Prewurein  Atrao* 
i^phnreft. 


Tempemtare. 


Latent  Heat 


Sam  of  IjNtipnt  and 
S«*nr4blell.at 


00014 
0006 

1000 
8.000 


0« 

1114-0*         1 

1114-0«> 

82 

1091-7           1 

1123-7 

212 

966-6 

1178  6 

889 

877-8 

1216-8 

TABLE  XXIIL— SPECIFIC  GRAVITY  OF  SOLIDS  AND  LIQUIDS. 


Substances. 


I  Sp.  Q  rarity. 


Sabstances. 


Pliitinum 

Gold 

Tungsten 

Mercury 

Hhudium  and  Palladium 

Silver 

Bismuth 

Copper      

Arsenic 

Steel 

Iron 

Meteoric  iron     .     .     . 

Cast  iron 

Zinc 

Antimony      .... 

lodino  

Heavy  spar   .... 
Oriental  ruby     .     .     . 

Topna  

Diiiraond 

finglish  flint-glass 
Piirinn  marble   .     .     . 

Emerald 

Pearl 

Iceland  spar       .     .     . 
Common  marble     .     . 

Coral 

Qunrtz , 

Agnte 

St.  Gobain'a  glaaa  .    . 


Snlpbote  of  lime 
Sulphar    .     . 
Bone     .     .     . 
Ivory    .     .     . 
Caoutchouc    . 
Sodium      .     . 
Wax     .     .     . 
Gutta-percha 
Ice  .     .     .     . 
Pumice  Ptone 
Potassium 
Pine  wood 
Cypress  wood     ^ 
Cedar  wood  .     . 
Common  poplar 
Lombardy  poplar 
Cork      .         .     . 

LlQITinS. 

Sulphuric  acid   . 
Nitrous  acid  .     . 
Water  from  Dead  Sea 
Nitric  acid     .     . 
Milk     .... 
Wine    .... 
Linseed  oil    .     . 
Spirits  tarpentine 
Absolute  alcohol 
Naphtha,  "  light  oil 
Sulphuric  ether 
Eupion      .     . 


Sp.  Gravity. 


2-.^2 
2-03 
1-8-1-99 
1-92 
09S9 
0-97 
0-97 
0-966 
09175 
092 
0S6 
0-6« 
0-60 
0-56 
0-38 
0-.36 
0-24 

1-84 

1-65 

1-24 

1-22 

1-03 

0  99 

0  94 

0-87 

0-79 

0-733 

072 

0-665 
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TABLE  XXIV. 
VOLUMS  AND  DENSITY  OF  WATER.— BY  KOPP. 


Tvmperatur*  I  Volume  of  Water 

&r  Gr.  of  Water 

Volume  of  Water 

8p.  Or.  of  Water 

C- 

(moo- 1). 

(atl|0-l). 

(«t4«-l). 
1-00012 

(•140-1). 

& 

1 -00000 

1  000000 

0-999877 

I 

0-99U9r) 

1  000053 

1-000U7 

0  999930 

'2 

0-'..U99l 

1  000092 

1  00003 

0  990909 

.^ 

0-99080 

1  (M)0I15 

1  -00001 

0-999092 

4 

0-99988 

1000123 

1  0(M;00 

1-000000 

o 

(»-90988 

1-000117 

1-00001 

0-990094 

0 

0  999tK) 

1  000097 

1-00(K)8 

0  990073 

I 

f 

0  99994 

1-0<H)062 

l-OCMKJO 

0-990039 

8 

0*99999 

1  0(MM)14 

1  00011 

0-900890 

9 

1  •0()(K)5 

0999952 

1  00017 

0  909829 

10 

100012 

0  999870 

100025 

0-999753 

11 

1-(MH)21 

0-999785 

1-0<H)34 

0999064 

12 

1  00081 

0  999r,86 

1  00044 

0-9995r.2 

13 

1  '{HH)4S 

0-999572 

1  -0O0.-»5 

0-999449 

14 

1  -00050 

0-999445 

1-0(Kh;8 

0-900322 

15 

1  -00070 

0-999306 

1-00082 

0  909183 

i    ^^ 

1  ()()0»<5 

0  999155 

1  -00097 

0  999082 

1    17 

1  00101 

0998092 

1  001 13 

0  9988ti9 

1    18 

I  (K)118 

0-908817 

100131 

0  908005 

19 

1-(K)137 

0-008031 

1  001 49 

0-998509 

20 

1-00157 

0008435 

1  001 09 

0908312 

21 

1-00178 

0  008228 

100100 

0-998104 

22 

1  -IK)200 

0-998010 

1  00212 

0  997886 

28 

1  -00228 

0-907780 

1  00235 

0-997057 

24 

1  •00247 

0  907541 

1  00259 

0-097419 

25 

1  (K)271 

0097293 

l-m>284 

0-997170 

20 

1  00295 

0-997035 

1-00310 

0-990912 

27 

1  00819 

0-9907«i7 

1-00337 

0  990044 

28 

1-00347 

0990489 

1-00305 

0-990367 

29 

1  00376 

0-99I.202 

1  -00393 

0906082 

30 

1  •00406 

0-995908 

100423 

0-995787 

35 

1  00570 

40 

100753 

45 

1  00954 

60 

1  01177 

65 

1  01410 

60 

1  01659 

65 

1-01980 

70  • 

1  02226 

75 

102541 

80 

102858 

1    85 

103189 

90 

1  08540 

96 

103909 

100 

1 

104299 
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TABLE  XXV. 


COMPARISON  OF  THE  DEGREES  OF  BBAUM^'S  HTDROMBTEE  WITH 
THE  REAL  SPECIFIC  QRAYITY. 


A. — FOR  LIQUIDS  HEAYIER  THAN  WATER. 


DegreM. 

Specifle 
Gravity. 

DegTMB. 

Specific 
Gravity. 

Degrees. 

Specific 
Gravity. 

Degrees. 

SpedCe  ' 
QraTity. 

0 

1000 

20      1 

1152 

40 

1857 

60 

1-652  ' 

1 

1-007 

21       1 

1-160 

41 

1-869 

61 

1-670 

2 

1018 

22 

1-169 

42 

1-881 

62 

1-C89 

8 

1020 

23 

1178 

48 

1-895 

68 

1-708  ; 

4 

1027 

24 

1188 

44 

1-407 

64 

1-727   ' 

6 

1034 

26 

1-197 

45 

1-420 

66 

1747 

6 

1041 

26 

1-206 

46 

1-484 

66 

1-767 

7 

1048 

27 

1216 

47 

1448 

67 

1-788  i 

8 

1-066 

28 

1-226 

48 

1-462 

68 

1809  ; 

9 

1-068 

29 

1235 

49 

1-476 

69 

1831 

10 

1070 

30 

1245 

50 

1-490 

70 

1-854 

11 

1078 

31 

1-256 

61 

1-496 

71 

1-877 

12 

1085 

32 

1-267 

52 

1-520 

72 

1-900  1 

13 

1094 

33 

1277 

53 

1-585 

73 

1-924  t 

14 

1101 

84 

1-288 

54 

1-551 

74 

1-949 

16 

1-109 

86 

1-299 

55 

1-567 

75 

1-974 

16 

M18 

86 

1-310 

56 

1-583 

76 

2-000 

17 

1126 

37 

1  321 

57 

1-600 

1 

18 

1134 

38 

1-333 

58 

1-617 

19 

1143 

39 

1-346 

69 

1-634 

1 

B. — FOR  LIQUIDS  LIGHTER  THAN  WATER. 


Degrees. 


10 
11 
12 
13 

14 
15 
16 
17 
18 
19 
20 
21 
22 


Specific 
Gravity. 


1000 
-993 
•986 
•980 
-973 
-967 
-960 
-954 
-948 
-942 
•936 
-930 
-924 


Degrees. 


23 
24 
26 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 


Specific 
Gravity. 


•918 
-913 
•907 
•901 
-896 
•890 
-885 
•880 
•874 
•869 
-864 
-859 
■854 


Degrees. 


86 
87 
38 
39 
40 
41 
42 
43 
44 
46 
46 
47 
48 


Specific 
Gravity. 


-849 
-844 
-839 
-834 
-830 
•826 
•820 
-816 
-811 
-807 
•802 
-798 
•794 


Degrees. 


Spedfie 
Gravity. 


49 
60 
61 
52 
53 
64 
65 
56 
57 
68 
59 
60 


-789 
•786 
•781 
•777 
-778 
-768 
•764 
-760 
•767 
•768 
•749 
•746 


PHY8I0AL  TABLES. 


689 


TABLE  XXVI. 
TENSION,  VOLUME,  AND  DENSITY  01?  AQUEOUS  VAPOR. 


Tm|i<*f^tiin 

TaiJ^loB 

Vol  Bin* 

V*l[fhi  (»f  » 

TIbdMob  of  Viipor 

«}(PI^RWJ  bj 

OfPHJ.lml  Uj  M. 

coW.'  m*?tntaf 

Dm^rvr* 

BipntCNid  La 

■l  Diilmnii  of 

kUi^fEniininp  of 

OiuUjrpJ*. 

m^rmry 

t*pof.  In  ruMc 

Id  liilr<£T«iDUit«. 

Lh  Diistm. 

nayittm. 

&> 

jU^' 

'    00060 

0-0O4GO 

206*222400 

0-00487266 

17-86 

1  vw 

-    0'02<>0 

0-01520 

66  144%0 

0*01612517 

29  37 

if,^' 

-    00400 

0*03040 

34*364400 

0^)2001*000 

83  30 

Vff^' 

'    O'OoOO 

omsm 

27-852530 

0  08590307 

87  38 

A  01 

'    0-43026 

0-04750 

22678;U0 

0044300tK) 

4-iG6 

■ 

j\  01 

'    00833 

0  06330 

17*2^2270 

0-05803376   I 

4U-25 

ioi 

^    O^IOOO 

0-07600 

14  515640 

000892066 

60-60 

'    0-1260 

0-09600 

ll*769GrK) 

0-084958r)O 

63-35 

1- 

*0' 

'    0  14:^8 

0*10857 

10-39 1U50 

0-09*122000 

66^03 

'    0-1666 

0  12606 

8096440 

0-11119230 

eo-40 

ic^i 

'    O20O0 

0*16184 

7-682W70 

0  13185037 

B&-38 

k  <>l 

"    0  2500 

0-HKM)0 

6-lG<t070 

0-10240770 

81-72 

01 

01 

'    0-6000 

0  38<MK) 

3*227120 

0-30983570 

^-18 

•    0  7500 

0-o7iX)0 

2*2^-il20 

0-45141000 

lOU^ 

1       01 

'    10060 

0*764HK) 

1-O9ii000 

0  69I3l]O00 

106  33 

n^y 

'    1-2560 

0-96000 

l*m>54l 

0-7243lK)00 

in  83 

1)al 

■    1-5000 

1  14000 

11 67228 

0  856701 KJO 

lt(5ftO 

'    17500 

1  33000 

MllL'tilO 

0-98762500   , 

120^64 

2    01 

■    2'IH)00 

1*52000 

0-896462 

1  11571700  ' 

1:24  39 

2^1 

*    2  251KI 

l-7'iOOO 

0-7tlB033 

1-25305700 

i:;7-83 

2    01 

'    2  6000 

1  90000 

0-729463 

1-37(187500 

130-08 

2    01 

'    2  76iH) 

200000 

0*068:iOS 

1 '4062O700 

IH^^OI 

3    0, 

'    3-OOfM) 

2'28l>00 

0-»i  16097 

1-02938400 

136-72 

n\  01 

'    3  2500 

247000 

0  573676 

1-7434*H)00 

139-29 

3    01 
3    01 

-    3*5000 

2  6601)0 

0-5^M094 

1  805820U0 

Ul'72 

■    3-75O0 

2*86000 

0  5(13107 

1-98731800 

1J4 

4    01 

'    4(1000 

3-04000 

0-474320 

2  10828500 

\4rr*2H 

4)  01 

'    4-2nO0 

3  23000 

0  4^8860 

2-22780000 

}4^'U 

4^01 

*    4btm 

3  42000 

0-42U093 

2-34t>83300 

imu 

4}ai 

'    4-7500 

3-61000 

0*405507 

2-40*^05500 

Url-m 

5    01 

■    6^M)00 

3  8<HMK> 

0-380960 

2-58117000 

15416 

51  oi 

■    5  2f>O0 

309000 

0-370170 

2  70135200 

165 -!« 

5|  01 

'    6-5000 

4*18000 

0  364778 

2  81225050 

16T64 

■    6  7500 

4-37000 

0*340669 

2-93469000 

i:if}'26 

6    01 

■    6  0000 

4  5(K)00 

0  327779 

3'O6078rrf>O 

1li5  40 

7    01 

*    7-O0O0 

6  32000 

0-281938 

a  r^o03O70o 

17iiH4 

8    01 

'    3  OOtHJ 

fi-08000 

0-262423 

3  97063rm0 

17"rT7 

Q    01 

■    9  0000 

6*84000 

0  226771 

4-40770fMK) 

180  31* 

10  01 

*  10-0000 

7  BmM)0 

0  2(K;2I8 

4-81814400 

lH4fiO 

11    OI 

-  1 1  OIHJO 

8:^6000 

0  189180 

6  2B326000 

I8B54 

12  01 

'  12-mKK} 

9-l2t)00     , 

0-174952 

6-71425000  1 

190- 

12  4250 

9  44?S0O 

0  1094M7 

5-91142800  ! 

lys- 

13-8100 

10  62000 

0-153600 

6-50428000 

200- 

15-85tiO 

1168000 

0-138717     1 

7*31716600 

aao- 

27-6340 

20  92600 

0-088116 

12*03722000 

ANSWERS    TO    PROBLEMS. 


Prob.  1.  Ans.  (a.)  147640-46  yds.;  (6.)  1*021  inohei;  (&)  0-03937079  inch; 
(A)  11811237. 

Prob.  2.  Ans.  (a.)  1-39697  metres;  (6.)  1131-6495  metres;  (e.)  20-921  kUo- 
metres;  {d,)  4-57  metres. 

Prob.  3.  Ans.  (a.)  1  litre  and  703*258  oabio  centimetres;  (5.)  1-1  gallons; 
(e.)  31-7936  Utres ;'  (d,)  0-01232931  pint. 

Prob.  4.  Ans.  (a.)  0*63499  metre;  (6.)  54-7286  Amer.  inches;  (e.)  22-86 
metres ;  {d.)  5468-48  Amer.  yards. 

Prob.  5.  Ans.  (a.)  4258*1458  cubic  centimetres;  (6.)  45419*4486  cnbio  centi- 
metres; (e.)  0-1618  gallon. 

Prob.  6.    Ans.  0*1515  foot  per  second. 

Prob.  7.    Ans.  60  X  -  feet, 
n 

Prob.  8.    Ans.  Unit  of  time  =  0-3896  second. 

Prob.  9.  Ans.  At  an  angle  of  36°  52'  12''  with  the  component  4,  and  with  » 
Telocity  =  5. 

Prob.  10.     Ans.  Speed  of  A  =  ||  of  speed  of  B. 

Prob.  11.     Ans.  Velocity  =  180  feet  per  second;  distance  =3  1800  yards. 

Prob.  12.     Ans.  20  feet  per  second. 

Prob.  13.     Ans.  Retardation  =  25  feet  per  second ;  distance  =>  312^  feet 

Prob.  14.     Ans.  25142f  lbs. 

Prob.  15.    Ans.  31,250  feet  per  second  pr  5.9  miles. 

Prob.  16.     Ans.  It  would  not. 

Prob.  17.     Ans.  144  feet,  9  inches. 

Prob.  18.     Ans.  3  seconds. 

Prob.  19.  Ans.  If  h  represent  the  height  of  the  tower,  the  relooity  re- 
quired =  y^gh, 

Prob.  20.    Ans.  If  v  represents  the  rertical  Telocity  of  the  balloon,  the 

Prob.  21.    Ans.  The  height  =  ?-X  ^<  +  —  V 
8        \        gtj 

Prob.  22.    Ans.  396*03  feet. 
Prob.  23.    Ans.  64^  feet 

Prob.  24.    Ans.  Height  of  bridge  s  100*52  feet;  time  rMjuired  =a  24  weondi. 
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Prob.  25.^  Ani.  402yV  f«et 

Prob.  26*  Ana.  Yelooity  «=>  ^  X  ^  *Mondi  of  Moent  ftnd  raloni. 

Prob.  27.  Ana.  208*44  feet 

Prob.  28.  Ans.  6  2  seconds. 

Prob.  29.  Ans.  96*75  feet 

Prob.  30.  Ans.  103*37  miles  per  hoar. 

Prob.  31.  Ans.  The  train  cannot  ascend  raeb  a  grade  without  mora  staaa.  D 
would  require  an  initial  velocity  of  54.69  miles  per  hoar  to  OTeroome  foeh  agnia 

Prob.  82.  Ans.  265-099  lbs. 

Prob.  33.  Ans.  3*8256  lbs. 

Prob.  34.  Ans.  Twelve  times  its  present  reloeitj. 

Prob.  35.  Ans.  8*45  rcTolutions  per  second. 

Prob.  36.  Ans.  1*74  seconds. 

Prob.  37.  Ans.  31i  feet 

Prob.  38.  Ans.  0  88  second. 

Prob.  39.  Ans.  1*003  seconds. 

Prob.  40.  Ans.  At  New  York  g  =  v»l  =  82*155399  feet 
At  Cape  Horn  ^  =  tr'/  =:  32*205083  feet 
At  Boston  g  =  3217076  (1  —000259  eos.  2X)  =»  32*163064  ft* 
At  New  Orleans  ^  =  "        "        "        ««        =82  125757  a* 
At  Stockholm  SF=     "        «        "        "        =  32*131002  &• 

Prob.  41.  Ans.  g'  =  ^„g. 

Prob.  42.  Ans.  13916  25  feet  =  2*64  miles. 

Prob.  43.  .\n8.       089  tout  =^  5  89  miles. 

Prob.  44.  Ans.  2I'«7  sicponda. 

Prob.  45.  Ans.  35°  19'  43"*5  or  54®  40'  16"*6. 

Prob.  46.  Ans.  736  .35  feet  per  second. 

Prob.  47.  Ans.  4    ^  lime?  g^reater. 

Prob.  48.  Ans.  2  -21  miles  per  hour. 

Prob.  49.  Ans.  As  1  to  2^. 

Prob.  50.  Ans.  50  feet 

Prob.  51.  Ans.  As  1  to  7j,»y. 

Prob.  52.  Ans.  2f  feet  from  the  smaller  weight 

Prob.  53.  Ans.  Under  the  weight  7. 

Prob.  54.  Ans.  125  lbs.  and  75  lbs. 

Prob.  55.  Ans.  At  one  point  9}  cwt,  at  the  other  20|  cwt 

Prob.  56.  Ans.  Pressure  on  A  =  10-4  cwt ;  pressure  on  B  &=  17*6  cwt 

Prob.  57.  Ans.  40  lbs. 

Prob.  58.  Ans.  Diameter  of  axle  2^^  inches. 

Prob.  59.  Ans.  92,^  lbs. 

Prob.  60.  Ans.  156  cwt 

Prob.  61.  Ans.  1382*4  tons. 

Prob.  62.  Ans.  4970  lbs. 

Prob.  63.  Ans.  3}  cwt 

Prob.  64.  Ans.  60  lbs. 

Prob.  65.  Ans.  12  cwt 

Prob.  66.  Ans.  A  power  equal  to  8  cwt  would  balance  the  train,  bat  soom 
additional  force  is  required  to  impart  motion  independent  of  fHetion,  whidi  if 
not  considered. 

Prob.  (17.  Ans.  67858  56  lbs. 

*  Approximate  valaea.    See  {  90. 


ANSWERS  TO  PBOBLBMS.  698 

Prob.  «8.    Ads.  79-58  lbs. 

Prob.  69.     Ans.  10  lbs. 

Prob.  70.    An  8.  A  force  of  18  cwt.  in  both  CMoa. 

Prob.  71.     Ans.  476*22  horse-power. 

Prob.  72.     Ans.  1*5874  times  greater. 

Prob.  73.     Ans.  11-94  miles  per  hour. 

Prob.  74.  Ans.  At  14^,  1232153  kilogrammes;  at  50^,  12925*69  kilo- 
grammes;  at  212®,  13885.42  kilogrammes;  at  392^  1229'i  67  kilogrammes. 

Prob.  75.  Ans.  At  50°  a  rod  having  a  section  of  one  square  millimetre  would 
be  elongated  one-fourth  of  an  inch. 

Prob.  76.     Ans.  Double  the  weight  in  the  first  case. 

Prob.  77.  Ans.  Sixteen  times  as  much  as  if  the  beam  were  secured  at  one 
end  and  the  weight  applied  at  the  other  extremity. 

Prob.  78.  Ans.  Tempered  steel,  5634*95  to  7546*76  lbs.;  untempered  steely 
6433'^  to  6238-7  lbs. 

Prob.  79.     Ans.  0*07  inch. 

Prob.  80.     Ans.  3498*86  lbs.  to  8724*71  lbs. 

Prob.  81.     Ans.  15*474  tons  to  18*548  tons  of  2000  lbs. 

Prob.  82.  Ans.  Considering  the  ends  secured  by  union  with  the  entire  struc- 
ture, the  breaking  weight  =  2990*18  tons;  considering  the  ends  not  secured, 
but  merely  supported  on  the  piers,  the  breaking  weight  =  1495*09  tons. 

Prob.  83.  Ans.  If  the  ends  are  securely  fastened  the  working  lo&d  :=  532*69 
tons ;  but  if  the  ends  are  merely  supported  the  working  load  =  233-67  tons. 

Prob.  84.  Ans.  280*69  tons.  Since  the  entire  structure  forms  a  oontinaoas 
tube,  the  ends  of  the  middle  span  are  securely  fastened. 

Prob.  85.     Ans.  59*43  tons. 

Prob.  86.  Ans.  v  =  5*85579  feet  per  second ;  «'  =  8-67579  feet  per  seeond ; 
«  ==  6|}  feet  per  second. 

Prob.  87.    Ans.  m  =  7im'. 

Prob.  88.     Ans.  e  =  0*6. 

Prob.  89.     Ans.  153  feet. 

Prob.  90.     Ans.  r  = -. 

2a  — 1 

Prob.  91.  Ans.  25*6  feet 

Prob.  92.  Ans.  84*3  feet  per  second. 

Prob.  93.  Ans.  Condensation  =  0-001006;  specific  gravity  =  1*001007. 

Prob.  94.  Ans.  Specific  gravity  =s  1*0487. 

Prob.  95.  Ans.  0.5723  of  a  cubic  inch. 

B» 

Prob.  96.  Ans.  The  pressure  =  P  X  -j» 

Prob.  97.     Ans.  Pressure  :  Power  =  4050  : 1. 

Prob.  98.  Ans.  Pressure  on  the  bottom  =  the  weight  of  the  liquid  =  half 
(he  sum  of  the  pressures  on  the  four  sides. 

Prob.  99.    Ans.  0-5773  a,  0*2392  a,  and  0*1835  a, 

Prob.  100.     Ans.  P  :  P'  =  1 :  2. 

Prob.  101.    Ans.  As  the  height  of  the  cylinder  to  its  radius. 

Prob.  102.  Ans.  Pressure  of  water  =  1101*3  lbs.;  pressure  of  mereuiy 
=  7*48888  tons. 

Prob.  103.    Ans.  Let  R  =  pressure  on  the  triangles,  the  pressure  on  the 


4?  /  i 
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Prob.  lO-L  Ans.  7138  1  gn>.  =  10197  Ibi. 

Prob.  105.  Ans.  1-83823  fMt. 

Prub.  106.  Au8.  14*4  inohM. 

Prob.  107.  Ans.  600  lbs. 

Prob.  108.  Ans.  0*03789  X  S^^^^  weight  of  th*  iron. 

Prob.  109.  Ans.  11  50228  ounces. 

Prob.  110.  Ans.  Gold  =  13*8102  oaneea,  silTor  =>  8-1898  onnoes. 

Prob.  1 1 1.  Ans.  The  addition  of  10  lbs.  of  lead  weights  nndw  water  to  j 
equilibrium  shows  that  209*5  lbs.  of  iron  are  eonoealed  in  the  eommereial  lead. 

Prob.  112.  Ans.  50752  lbs. 

Prob.  113.  Ans.  0*6028  diameter. 

Prob.  114.  Ans.  138*637  oubio  inohee. 

Prob.  115.  Ans.  64*1832  cubio  feet. 

Prob.  L16.  Ans.  473  538  tons. 

Prob.  117.  Ans.  67*698  tons. 

Prob.  118.  Ans.  0*9825  feet 

Prob.  119.  Ans.  Volume  of  B  =  4795*34  cnbio  inches  =  2-775  oabie  ftet; 
(both  cases  assume  a  depth  of  twenty  feet  below  the  sorfaee). 

Prob.  120.  Ans.  Specific  gravity  =  3-84. 

Prob.  121.  Ans.  Specific  gravity  of  granulated  tin  =:  7*288. 

Prob.  122.  Ans.  Specific  gravity  =  3-8093. 

Prob.  123.  Ans.  Specific  gravity  of  the  first  =  2-8  ;  specific  gravity  of  the 
second  =  10946.     The  volumes  of  the  two  bodies  are  as  1  to  14*8. 

Prob.  124.  Ans.  Specific  gravity  =  813. 

Prob.  125.  Ana.  Specific  gravity  =   832. 

Prob.  126.  Ans.  23-385  gallons.     Theoretical  discharge,  37*718  galloni. 

Prob.  127.  Ans.  Actual  range,  15*187  feet. 

Prob.  128.  Ans.  Actual  velocity  =  0-3833  theoretical  velocity. 

Prob.  129.  Ans.  10180-217  gallons. 

Prob.  130.  Ans.  38,450  gallons,  or  610  hogsheads. 


Xote.     In  the  formula,  JD  =  20*8  -y/  —^^~-,t  all  the  quantities,  H,  d,  and  I, 


\  4-  54d'  ' 
are  to  bo  taken  in  metres,  and  the  result  gives  D  in  cubic  metres  per  second. 

Prob.  131.     Ans.  97496  feet 

Prob.  132.     Ans.  If  the  actual  height  of  the  mercury  is  1  inch,  the  height  of 
the  alcohol  will  be  22  68  inches,  difference  of  level  21*68  inches. 

Prob.  133.     Ans.  63*68  miles.     This  problem  involves  the  principles  off  172. 

Prob.  134.     Ans.  286-1855  lbs. 

Prob.  135.     Ans.   11563  lbs. 

Prob.  136.     Ans.  0-0796  grain. 

Prob.  137.     Ans.  460*00437  grains. 

Prob.  138.     Ans.  Capacity  of  the  globe  ss  148*626  oobio  fbet;  spedflo  gn¥ltj 
of  gas  =  0-0767. 

Prob.  139.     Ans.  31-7576  feet 

Prob.  140.     Ans.  68  feet 

Prob.  141.     Ans.  17*98  feet 

Prob.  142.     Ans.  6655-85  feet 

Prub.  143.     Ans.  Ascensional   force   with   illuminating    gas,   368*4837  Ihii ; 
ascensional  force  with  hydrogen,  473*0793  lbs. 

Prob.  144.     Ans.  The  conditions  of  this  problem  require  thai  the  weight  of 
the  balloon  should  be  nothing,  or  that  the  ballaat  ehoold  haro 
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force  of  its  own  eqnal  to  the  weight  of  the  balloon,  since,  at  the  height  indicated, 
if  the  enclosed  gas  could  not  expand,  it  would  of  itself  be  in  equilibrium  with 
the  atmosphere.  If  one-half  the  gas  were  liberated  the  balloon  would  ascend ; 
to  make  it  remain  stationary  an  amount  of  ballast  must  be  added  equal  to  the 
weight  of  the  gas  liberated,  or  equal  to  one-fourth  the  weight  of  air  which  would 
fill  the  balloon  at  the  surface  of  the  earth. 

Prob.  145.     Ans.  The  tube  will  admit  no  wati^r  hy  compression  of  the  air. 

Prob.  146.     Ans.  0-016  inch. 

Prob.  147.     Ans.  45-10735  grammes. 

Prob.  143.     Ans.  76-306  centimetres. 

Prob.  149.     Ans.  Jf/,  3/,  |/,  ^f/,  ^gl. 

Prob.  150.     Ans.  5  lbs.  10  oz. 

Prob.  151.     Ans.  0  09098  inch. 

Prob.  152.     Ans.  Four  times  as  long. 

Prob.  153.     Ans.  8105^  feet,  or  a  little  more  than  U  miles. 

Prob.  154.  Ans.  Velocity  at  90°  F.  =  1150091  fiaet  per  second,  and  at 
—  40°  F.  =  100709 1  feet  per  second. 

Prob.  155.     Ans.  11*2  seconds. 

Prob.  156.  Ans.  In  iron,  1  59  seconds;  in  wood,  1*03  to  1*65  seconds;  in 
oarbonic  acid,  21*49  seconds;  in  hydrogen  gas,  4*44  seconds;  in  yapor  of  alco- 
hol at  140°  F.,  21*44  seconds;  in  vapor  of  water  at  154°  F.,  13*72  seconds. 

Prob.  157.     Ans.  27  minutes,  9  seconds. 

Prob.  158.     Ans.  1677*45  feet  in  the  most  favorable  position. 

Prob.  159.     Ans.  422  feet 

Prob.  160.     Ans.  125*69  miles. 

Prob.  161.     Ans.  13  seconds. 

Prob.  162.     Ans.  Distance  =  2204  feet;  velocity  =  764  feet  per  aecond. 

Prob.  163.     Ans.  jif  of  iU  length. 

Prob.  164.     Ans.  101^  vibrations. 

Prob.  165.     Ans.  3  408  feet. 

Prob.  166.     Ans.  E  :  D^  =  25  :  24. 

Prob.  167.     Ans.  fgif. 

Prob.  168.     Ans.  It  is  higher  by  a  comma. 

Prob.  169.  Ana.  The  chromatic  semitone  =  |f };  the  grave  chromatic  semi- 
tone =  ff. 

Prob.  170.     Ans.  1800  beats  per  minute. 

Prob.  171.  Ans.  Vibrations  per  minute  for  one  node,  66*56;  for  two  nodes, 
133*13;  for  three  nodes,  199*695;  for  four  nodes,  266-26  vibrations. 

Prob.  172.     Ans.  263*57. 

Prob.  173.     Ans.  Reduce  the  length  of  the  tube  to  9*343  metres. 

Prob.  174  Ans.  For  C  1,8*0405  foot;  D  1,709.39  feet;  E  1,  6*3407  feet;  F  1, 
0-9262  feet;  G  1,  5-2214  feet;  A  1,  4  6618  feet;  B  1,  4  1022  feet ;  C  2,  3  8.326  feet. 

Prob.  175.  Ans.  11-39  in.,  10*03  in.,  8  95  in.,  8*38  in.,  7-37  in.,  6  59  in.,  6-8  in., 
5*45  in. 

Prob.  176.     Ans.  F  5  (too  flat),  A  5  (too  high  by  half  a  semitone),  and  C  t 

(also  too  high  by  half  a  semitone). 

n  V 
The  foTnula  JV  = 


iia  .11    -^— 

Z-f  J^/?" 

n=z2 

AT  =2672*5 

while  F  6  =  2739*2. 

n=r8 

AT  =3538*6 

whUe  A  6  =  3424. 

•  :=4 

A^=  4323-2 

while  0  6  =  4108*8. 
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Prob.  177.    A  as.  8  minatei,  14*79  teoonds. 

Prob.  178.    An«.  46  yean,  155  daya,  10  hoiir%  8  minatoa,  ani  4&  Moondi. 

Pnb.  179.     Ans.  As  1  to  2^. 

Prob.  180.     Ans.  90^  per  cent. 

Prob.  181.     Ans.  22*85  candles. 

Prob.  182.     Ans.  21-43  candles. 

Prob.  183.     Ans.  60°. 

Prob.  184.     Ans.  18,  including  tbe  object  itselH 

Prob.  185.     Ans.  6^  incbes. 

Prob.  186.     Ans.  7*2  inches. 

Prob.  187.     Ans.  u  =  r  ^/jf. 

Prob.  188.  Ans.  Once  and  a  half  the  distance  of  tbe  object  from  the  first 
surface. 

Prob.  189.     Ans.  39<'  49'  3'',  when  the  eye  is  5  feet  aboye  the  water. 

Prob.  190.     Ans.  6  feet,  8  Inches. 

Prob.  191.     Ans.  n  =  2. 

Prob.  192.  Ans.  At  a  distance  of  2*571  feet  from  the  refracting  snrfaee,  and 
on  the  same  side  as  the  radiant  point 

Prob.  193.     Ans.  The  surface  is  convex,  and  r  =  7*2  inches. 

Prob.  194.     Ans.  On  tbe  opposite  side  of  the  lens  at  a  distance  of  3-134  inches. 

Prob.  195.  Ans.  r  :  «  =  10  :  242,  the  snrfaco  of  shorter  curvature  being 
turned  towards  parallel  rays. 

Prob.  196.     Ans.  6*44  inches. 

Prob.  197.     Ans.  A  convex  lens  in  which  /^  4  inches. 

Prob.  198.  Ans.  A  double  convex  lens  of  crown  glans  r  =  2-955  inchc«>, 
«  =  2*667  inches,  and  a  concavo-plano  lens  of  flint  glass  r'  =  2-667  inches,  and 
t'  =  infinity,  i.  e.  the  second  surface  is  plane. 

Prob.  199.  Ans.  They  must  converge  toward  a  point  between  the  lenses  and 
distant  }/fVom  the  first 

Prob.  200.     Ans.  2  diameters. 

Prob.  201.     Ans.  r  =  0*449  inches,  »  =  —  1*235  inches. 

Prob.  202.     Ans.  161280  times  the  light  received  by  tbo  una^!«isted  i  ye. 

Prob.  203.     Ans.  Illuminating  power  =  362880  j  penetrating  power  =  602-4. 

Prob.  204.     Ans.  Illuminating  power  =  18225;  penetrating  powor  =  135. 

Prob.  205.  Ans.  The  illuminating  power  given  by  150°  aperture  is  2i  times, 
and  the  penetrating  power  l^  times  as  great  as  that  given  by  iOO*'  aperture. 

Prob.  206.  Ans.  Crown  glass,  56<>  43'  40" ;  plate  glass,  56°  36'  26" ;  fliai 
glass,  57«»  30'  18". 

Prob.  207.  Ans.  Reflected  by  crown  glass,  00726;  by  plate  glass,  0*0738; 
by  flint  glass,  00869. 


Prob.  208.     Ans.  1*544. 

Prob.  209.     Ans.  Degrees  F. 

=s 

Degrees  C. 

= 

Degrees  R. 

—40° 

= 

—40° 

= 

—32° 

—  4 

= 

—20 

= 

—16 

-fl68 

= 

4-70 

= 

+56 

4-194 

= 

+90 

= 

+72 

+442*4 

= 

+228 

= 

+182*4 

4-771*8 

= 

+411 

= 

+328*8 

4-977 

= 

+525 

= 

+420 

4-1832 

= 

+  1000 

= 

+800 

4-9732 

= 

+5388*9 

= 

+4311-12 
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Prob.  210.    Ans.  Degreea  C. 

z=x 

Degrees 

F. 

== 

Degrees  R. 

30S7 

s= 

38°- 

»e6 

= 

— 3«»0W 

—40 

= 

—40 

= 

—32 

—10 

= 

+H 

= 

—  8 

-{-n 

= 

-fl67 

= 

-fOO 

+290 

= 

-f654 

= 

4-232 

+360 

= 

-f680 

= 

-f288 

Prob.  211.    Ana.  18|^  timM. 

Prob.  212.    Ans. 

i 


At  10°  F. 


24°  P. 


75°  F. 


lOOOF. 


I 


Iron  .    . 
Brass 
Copper  . 
Glass 
Platinum 
Silver     . 


3  ft  1-99002  in.  3  ft.  1-99376  in. 
3  ft.  1-98425  in.  3  ft.  1-99016  in. 
3  it.  1  98550  in.  I  3  ft  1-99003  in. 
3  ft.  1990.^2  in.  3  ft.  1-99578  in. 
3  ft.  1-99253  in.  I  3  ft  1-99533  in. 
3  ft.  1*98387  in.  I  3  ft  1-98992  in. 


3  ft.  200623  in. ;  3  ft  2-01248  in. 
3  ft.  2-00984  in.  j  3  ft.  20 1968  in. 
3  ft.  2-00906  in.  ■  3  ft.  201812  in. 
3  ft  200403  in.  3  fL  2-00670  in. 
3  ft.  2.00466  in.  1  3  ft.  2.00933  in. 
3  ft.  20 1060  in.  1  3  ft,  202014  in. 


Prob.  213. 
Prob.  214. 
Prob.  215. 
Prob.  216. 
Prob.  217. 


Prob.  218. 
28-1778  in.: 

Prob.  219. 
19-539  in. 

Prob.  220. 

Prob.  221. 

Prob.  222. 

Prob.  223. 


Ans.  1-002672  gallons. 

Ans.  0-134  inch. 

Ans.  41°-51  Fahrenheit 

Ans.  0  04728  in. 

Ans.  At  London,  steel  92*93378  in.;  brass  53*79322  in. 

At  Paris,  steel  92-90854  in.;  brass  53*77861  in. 

At  New  York,  steel  92-84311  in.;  brass  53-74073  in. 

At  St  Potersburgh,  steel  93.00482  in.;  brass  53-83434  in. 
Ans.  (1.)  300757   in.;    (2.)  29-42076   in.;   (3.)  27  8075  in.;   (4.) 
(5.)  23*158  in.;  (6  )  24-581  in.;  (7.)  174228  in.;  (8.)  15-835  in. 
Ans.  (1.)  24-0962  in.;    (2.)  27-58513  in.;   (3.)  28-74528  in.;  (4.) 


Ans.  112-588  grains.     (Calculated  by  Table  XXIV.) 

Ans.  122*'*75,  245°-5,  and  368^-25  above  its  previous  temperature. 

Ans.  1220-357  cubic  feet 

Ans.  Water,  5500  units;   sulphur,  724-5  units;  charcoal,  9617*7 
onits ;  alcohol,  525  units ;  ether,  922  units  of  heat 

Note.    Specific  beat  of  charcoal  =  0  2415;  of  alcohol  (Sp.  Or.  0*81)  =  0-7; 
of  ether  (Sp.  Gr.  0  76)  =  0  66. 

Prob.  224.    Ans.  68<'-529  Fahrenheit 
Prob.  225.    Ans.  4§  lbs.  at  200o,  and  15i  lbs.  at  50o  F. 
Prob.  226.    Ans.  88o*39  F. 
Prob.  227.    Ans.  155<>  88  F. 
Prob.  228.    Ans.  70o  79  F. 
Prob.  229.    Ans.  10-337  lbs. 
Prob.  230.     Ans.  0-628  lb. 

Prob.  231.     Ans.  9-26  units  of  heat  (as  in  Table  XV.). 

Note,    The  temperature  of  the  water  was  raised  to  52^-96  F.  instead  of  20<>-76  C. 
Prob.  232.    Ans.  Required  for  air,  0  831  unit;   for  oxygen,  0-843  unit;  for 
earbonio  acid  gas,  27 -879  units;  for  hydrogen,  0  8235  unit  of  heat 
Prob.  233.    Ans.  3993  64  units  of  heat    By  table  on  page  451. 
Prob.  234.     Ans.  1174  4  units  of  heat 
Prob.  235.    Ans.  28-088  iDches. 
61* 
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Prob.  236.  Ans.  With  alcohol,  26-742  in.;  ralphnrie  •/Ad,  29-00  in.;  (at  7S*  V. 
(ho  tension  of  rapor  of  snlphnrio  acid  is  too  little  to  make  any  perceptible  diiv- 
enoe ;)  oil  of- turpentine,  28-70  inches. 

Prob.  237.  Ans.  Tension  of  rapor  of  water  at  bO^  F.  =»  0-358  in.  merooTj ; 
at  760  =  0-884 in.;  at  llO*  =  2-582in.;  at  176o  «=  18-678  in. ;  at  220*>  =  34-091 
in.;  at  2tb^  =  78-610  in.;  at  300''  =  136-742  inches  of  meronry. 

Prob.  238.  Ans.  Boiling  points  of  water  at  the  given  pressures  =  213®-803, 
211O-700,  210O-704,  208°-670,  207«-608,  200<»-61  P.  Boiling  points  of  ether  at 
the  same  pressures  =  05O-786,  03o-72,  02o-83,  00»-83,  80«-83,  81*-22.  Boiling 
points  of  alcohol  at  the  same  pressures,  174<'-33,  172<'-24,  171<>-34,  lOS^'-Sl, 
168«-31,  1620-13. 

Prob.  230.  Ans.  If  the  temperature  is  not  allowed  to  change,  a  part  of  the 
steam  will  be  condensed  and  the  tension  will  remain  unchanged.  In  the  second 
case  the  tension  will  be  reduced  to  one  atmosphere. 

Prob.  240.  Ans.  457**  F.  to  460<'  F.  This  tension  exceeds  the  limits  for 
which  accurate  data  are  giren. 

Prob.  241.    Ans.  12  flues. 

Prob.  242.    Ans.  15  flues. 

Prob.  243.    Ans.  The  two  forces  are  to  each  other  as  1  to  10-074. 

Prob.  244.    Ans.  The  intensity  equals  ^  of  its  original  force ;  and  L  =■  lOr. 

Prob.  245.    Ans.  The  intensities  are  as  1,  1-026, 1034  and  1030. 

Prob.  246.     Ans.  The  intensity  would  be  increased  1-0  times. 

Prob.  247.    Ans.  The  intensity  is  increased  by  one-third  its  original  amount 

Prob.  248.    Ans.  The  intensity  is  increased  by  two- thirds  its  original  amount 

Prob.  240.    Ans.  The  intensity  is  increased  to  1-16  what  it  was  1 
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Anuunoir,  ehroautlc,  465;  of  glan  coren, 

610;  of  lenses,  454;  of  mirrors,  437;   of 

uphericity,  455. 
Absolute  rtrength,  170;  zero,  6M. 
Abmrptive  power  for  beat,  637. 
AoramuUted  electricity,  843. 
Achromatic  microscope,  508,  611;  telescopes, 

604. 
Acbromatlnn,  466. 
Acoustics,  335. 
Acoustic  sbadow,  350. 

AcUon  and  reaction,  27 ;  of  a  falling  body,  77. 
Action  of  a  double  conrex  lens,  447 ;  of  heat 

on  matter,  566;  of  magnetism  on  light,  919; 

of  surikees  upon  heat,  635. 
Actual  and  theoretical  relodtles,  144. 
Adaptation  of  eye  to  distance,  480;  of  power 

to  weight,  110. 
Addenda,  page  668. 

Adhesion  distinguished  ftom  cohesion,  147. 
Advantage  of  friction.  141. 
Aerial  phenomena,  057 ;  wares,  832. 
Air,  buoyancy  of.  25K;  impenetrability  of,  259; 

inertia  of,  260:  pump,  287;   Tibrating  in 

tubes,  379. 
Amalgam,  834. 
Amalgamation  of  plates,  868. 
American  electrical  machine,  836;  turbine, 

231. 
Amorphism,  152. 

Amp^  discoveries  and  theory,  908. 
Amusement  with  electricity.  840. 
Analo«r  of  light  and  heat,  765. 
Analysis  of  central  forces,  64 ;  of  colors,  468 ; 

of  light,  466;  of  liirbt  by  absorption,  458; 

by  prisms,  456;  of  trains  of  wheel*work, 

117. 
Anemometers,  960. 
Anemoscopes,  959. 
Aneroid  barometer,  164. 
Animal  electricity,  948;  heat,  cause  of;  766; 

strength,  130. 
Annealing,  178. 
Anode,  882. 
Aplanatle  fbd,  509. 
Apparatus.  Atwood's,  72;  Bohnenberger's,  65; 

tnr  condensation  of  gases,  600;  Ibr  distflla- 

tioa.  687 :  iUnstratf  US  baroneter,  964;  Mel- 

lOBf^  043;  Uorin's,  73. 


Appendix,  meteorology,  946;  addenda,  pegs 
6C8;  physical  tables,  page  669. 

Application  of  laws  of  falling  bodies,  78;  of 
levers,  115;  of  pemlulnm  and  measure  of 
time,  84;  of  polarised  light,  563^  of  reflec- 
tion, absorption,  and  radiation,  640;  of 
screw,  128;  of  wedge.  126. 

Appreciation  of  colors,  490;  of  distance,  481. 

Aqueous  phenomena,  972;  solutions,  maxl* 
mum  density,  604. 

Araacft  experiment,  912;  polariscope,  667. 

ArtAivudUt  theorem  of,  205;  demonstrated, 
206. 

AnAimedetf  screw,  298. 

Are,  18. 

Areometers,  212. 

Artesian  wells,  204. 

Artltlcial  magnets,  802;  temperature,  727. 

Ascent  of  liquids  in  tubes,  230. 

Astatic  needle,  787. 

AstronnmlcsJ  telescope,  499. 

Atlantic  cable,  927. 

Atmosphere,  256;  free  electricity  in,  861 

Atmospheric  electricity,  860;  a  source  of  heat. 
747. 

Atmospheric  engine,  708;  magnetism,  800; 
pressure,  257 ;  measure  of,  261 ;  refhtetloBs, 
638. 

Atoms.  20. 

Attraction  and  repuhion  of  light  bodies,  831. 

Attraction,  electrical,  812;  experiments,  842. 

Attraction,  magnetic  780. 

Aiwnod't  apparatus,  72. 

Auditory  organs  of  man,  393. 

AugusCs  hygrometer  or  psychrometer.  978. 

Auroral  current  reversal  of  polarity  in,  1000. 

Auroras,  994;  efleet  on  telegraph  wires.  999; 
geographical  distribution,  997 ;  height  and 
iVequency,  906;  magnetic  disturbance,  996 
remarlcable,  996. 

Babbagb'8  experiment  on  friction,  140 

Back-ground,  476. 

Bain*a  telegraph.  926. 

Balance,  spring,  87. 

Ballistic  curve,  146 ;  pendulum.  104. 

Balloons,  273. 

BarlM't  mill.  217. 

Bath,  tempering  by,  178. 

(699) 
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Ban)m«kor«  ancroidU  164;   at  different  alti-   Chromatic  aberration,  4tt. 

tuile*,  26b ;  cii*t0m,  2ti6 ;  oonstrnction  of;    Chromatir  diaffram,  481. 

263 ;  correction  for  t<>mperatnre,  699 ;  errors    Chromatic  poUrlaoope,  667. 

of.  ati9;   yortin'*.  266;  Oay  Lnnne*!,  267;  .  Chromatics,  464L 

menturing  heigh tg.  272;  metallic,  163;  prin-    Cbrnnomatens  oompensatinK  balaaca  atwili 

cipl«M  of,  illustrated,  264 ;  wheel.  268.  i      690. 

Bantmetrle  changed  and  the  weather,  271 ;  ,  Cistern  barometer,  266. 

hi'lght  TariatiooH  of,  270.  |  Clarkt^s  msfmeto-electrie  appantos,  938. 

Batlerieii,  i<mee>  871;  trough,  870;  roltaic,  ;  Cleavage,  167. 


Climate*,  climatology,  947. 
Clor|l^  electrical.  928. 
Clothing,  relations  to  heat,  625. 
Clond*,  978;  clmwiflcaUon  of;  079. 
Coeziatenoe  of  K>und  waves,  338. 
Cohesion  among  MikK  147. 
Cohesion  and  reimlidon,  146. 
Cohesion  in  liquids.  gascA.  and  solids,  148. 
Cold.  appar«ut  radiation  of;  634. 
Cold  by  evaporation,  6S1. 
Color  blind nesd,  490. 
Color  dependent  on  temperature,  7r>8. 
Colored  p<>larizatton.  665 ;  rings  in  crystals,  55S. 
Colors,  snalyrilK  of,  458  ;  Cbevivurii  cl«s»Ilk»- 
tion  of. 491 :  complementary.  469:  of  groored 
nlateii,  636 ;  of  thin  plates,  629 ;  study  o^  tt^ 
Columns,  rvaiotance  to  pressure,  171. 
Combination  of  wares,  327. 
Combustion,  a  source  of  heat,  749;  cause  ef 

heat  in,  750. 
Comparison  of  different  thermometers,  676. 
Compass,  mariner's,  787. 
Compensating  balance   wheel:*.  696:  (wnda- 

lums,  6l»6. 
Complementary  colors.  459. 
CumponenUi  and  n-fsnltants.  44. 
Composition  of  wliite  light.  4^7. 
CompiiUDd  chord-i,  372;  crystAlfi,  U6;  leoMS, 
460;  levers,  114;  examples  of,  116;  micro- 
scope, 496;  achromatic-,  511;   motion,  33; 
pendulum,  88;  pullevs.  1:^. 
Compre4L«>(>d  gases,  escape  of.  283. 
Compresiilbility,  21;  of  gases,  274;  of  Uquids, 

188. 
Comprewiing  machine,  2SS. 
i  Compree.«i<»u  a  source  of  heat,  739. 
I  Concave  lenses.  448. 

I  Concave  mirrors,  420;  foci  of.  427-431 ;  iaacBi 
I      by,  433.  ^ 

i  Condensation  of  ga:<«s.  680,  690. 
Oat{>ptrica.  416.  ,  Condenser  of  Jipinus.  $44. 

CauRlic  curves,  437.  Conduct ibility.  doliiiu);.  625;  of  crystals.  616; 

Centi;rrade  thermometer,  670.  examples  of.  622.   623;   of  gascj*.  6S0:  ti 

Centimetre.  18.  liquids,  619:  of  metalii.  616:  of  powders  Of 

Central  forces,  analysii*,  54.  fibres.  G24:  relative,  ff  solids.  liqakU  and 

Centre  of  gravity,  60. 62 ;  i n  bodies  of  nnequal  '      gases  621 ;  of  lioi id».  614,  622 ;  of  wood,  61T. 
density.  68;  of  regular  figures,  64;  without  '  Conduction  of  heat,  613. 


869-881, 
Beams,  flexure  o^  162;  lateral  strength,  172; 

of  light.  401. 
Beating.  376. 

B^aunWt  hydrometer,  212. 
Bellows.  281. 

Blasting  by  electricity,  937. 
Botly,  defined.  1. 
B'Jtnrnbrrgn's  apparatus,  55. 
Binocular  vision,  484. 
Boiler  for  Gold's  steam-heater,  783. 
Boiling  point.  669;  application  In  arts,  678; 

cin'umstances    influencing,    676;    heights 

meafored  by,  679. 
Bnurdon't  metallic  barometer,  163. 
Bojfdrk'a  American  torbina,  23L 
Brachystuchrome.  76. 
Bramah  press,  190. 
Breast-wheel,  230. 

Breyuret  isetallic  thermometer,  680. 
Brightness  of  ocular  image,  473. 
Briunnla  tubular  bridge,  172. 
Brittleness,  177. 
Bronae  tempering,  178. 
Burum't  photometer,  414. 
Buoyancy  of  sir,  268. 
Buoyancy  of  liquids,  206. 

Cambeidqe  telescope,  506. 

Camera  ludda.  518. 

Capillarity.  232;    general    facts   In,  233;    a 

sou  roe  of  heat.  741 ;  influenced  by  eurrc  of 

surface.  2S6;  laws  of,  287. 
Capstan,  116. 
Calorlmetry,  660. 
Cauuls,  206, 
Camera  ob.»-cnra,  617. 
Carbon  battery,  876. 
Cartesian  devil,  206. 
CathtMle,  8S2. 


the  body.  05. 
Centre  of  hydrostatic  pressure,  197. 
Centre  of  oscillation,  83. 
Centrifugal  and  centripetal  forces,  52. 
Centrifuical  drying  machine.  63. 
Centrifugal  forces,  demonstration,  63. 
Chain  pump,  297. 
Cluiunc  of  density,  109. 
Chart  of  magnetic  variations,  789. 
Chart  of  isoclinal  lines,  794. 


I  Conjugate  mirrors,  636. 
I  Constitution  of  liquid  veins,  222. 
j  Construction  of  barometers,  263;  of  ansieal 
instruments*.  3H5 ;  of  thermometers.  668. 


Convection  of  beat.  626;  of  heat  in  liquids,  887. 


I  ^ 

'  Convex  lenses.  447. 

I  Convex  mirn^rs.  42(1,433:  imagea  by, 436. 

'  Cooling  by  i-adiation.  tJ32. 

j  Copper,  terapi'ring.  178, 

'  ConJs.  vibnition  of.  308.  .109. 


Chemical   affinity  and   molorular  attraction.    Corollaries,  on  centre  of  gravity,  63. 

900;  combination,  748;  effei'ts  of  the  pile.    Coronas.  5o7. 

hij.tory,  888:  force.  5;  sources  of  heat,  748-  '.  Correlation  of  forces.  768. 

757:  union  by  dectricity.  856.  '  Cbulnmb  on  rolling  friction,  139;  oa 

Chemistry,  relation  of  to  physics,  9.  '      friction,  138. 

OhevrruTs  clsMjiflcaf  ion  of  colors,  491.  '  ObuUmb's  eiectrical  laws.  819 ;  Wwa 

Chimneys,  draught  in,  717.  166. 
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CouplHK,  48. 

Cowls.  '%S. 

CrjsUllsatloD  by  feeble  emrents,  893. 

Cryiitalo^fniphy.  Iftl. 

Crystalfl  conduct  heat,  616 ;  forms  of,  168, 158; 
poffitiTe  aud  nt^tivr,  661. 

Cubical  exi>anHioD,  690. 

Culinary  pHradox,  677. 

CurrentH.  In  air  and  Kaaea,  716;  induced  by 
niAjcneta,  03S;  in  the  ocean.  628;  of  elec- 
tricity, path  and  relodty  of,  818;  produced 
by  ic«.  724. 

Curve,  halliMtic.  146;  influence  In  capillarity, 
*J»0;  of  liquid  •urfjtcea,  234;  of  awifteat  de- 
Kcent,  76. 

Curvilinear  motion,  61. 

Cutoff.  712. 

CycIoitJal  pendulum,  85 

Cyclones.  968. 

Cylinder  electrical  machine,  834. 

D.%inELL*8  conHant  battery,  874 ;  hygrometer, 

973. 
Dark  linea  in  i^pectrum,  461,  462. 
Duclination  of  magnetic  nei'dle,  788. 
D«KrImelre.  18. 
Dt!ep-M«  thermometer,  681. 
Deflafomtion,  886. 

De  La  Itive*t  flouting  current,  009. 
D«uion8tratlon  of  TorricellUn  theorem,  220. 
DHnxity,98;  fhanp^]  by  tension.  169;  of  gasea, 

611 ;  of  thh  earth  entimated  by  experiment, 

1U2;  of  Tupors.  693. 
Depth  of  waveis  322. 
Depreaidon  of  mercury  in  tube*,  238. 
Deemnt  on  currefl,  76;  on  inclined  planes,  74. 
DapreWt  experiments,  276. 
Destructive  eflects  of  impact,  112. 
Determination  of  reflective  power,  636. 
Deviation  of  light  twice  reflected,  423. 
Dew.  976;  on  what  it  lUla,  976w 
Dew  point  674. 
DIaroagnetinn,  920 
Diamond  Jar,  862. 
Diapason,  377 ;  natural.  395. 
Diathermancy .  641;  appUcationa  of,  647 :  eauasa 

which  modify.  646. 
Differential  thermometers,  687. 
DifTractinu.  532. 
DiffuN^  li^ht.  410. 
Dilatation  by  heat  explained,  760. 
Dimenslona  of  the  earth,  92. 
Dioptrics,  4.'». 
Dipping  mtHlle,  793. 
Direction  of  force.  40 ;  of  osmotic  current,  347 ; 

of  terrestrial  attraction,  60 ;  of  Tibrations  of 

lUht.  641. 
Directive  action  of  tho  earth,  911. 
Dispersion  of  light,  400. 
Displacement  of  lero- point,  573. 
Dissecting  microscope,  496. 
Distance  calculated  by  sound,  346;  of  distinct 

vinion,  478;  that  sound  can  be  heard,  361. 
Di'tillation.  686. 
Distilling  apparatus,  687. 
Divisibility.  19. 
Dr>uble  diatonic  scale.  373;  refraction,  550; 

polarisation  by,  562 :  vision,  483. 
Downward  premure  of  liquids,  191. 
Draught  in  chimneys,  717. 
Dro|«  of  llQulds  In  conical  tubes,  241. 
Dry  pUes,  87a 
Drying  machine  for  laundriee,  58. 


Duboteq'i  electric  lantern,  884. 
Dub*t  laws  of  electro-magnetism,  915. 
•  Ductility,  175. 

Duration  of  visual  impressions.  487. 
Dwellings,  supply  of  fresh  air,  726. 
Dyuamiral  electricity.  862 ;  theory  of  h*«t.  76& 
Dynamics,  39;  Dynamometers,  37. 

Eab,  393;  sensibility  of;  378;  trumpet,  359. 

Earth  circuit,  922. 

Earth's  rotation,  effeet  of,  upon  gravity,  94; 
demonstrated  by  the  pendulum,  86. 

SbulUtion,  676. 

Echo.  363;  tone  changed  hj,  855. 

Echoes  repeated,  364. 

Bffects  of  centrifugal  force,  58. 

Elastic  ballK  transmit  shock,  185;  bodiea,  lia> 
pact  of,  182;  fluids,  252. 

Elasticity,  limit  of.  168;  modulus  oC  183;  of 
flexure.  162;  of  liquida,  188 ;  of  meUla,  table, 
161 :  of  sollda,  169;  coefllclentoC  161 ;  of  ten- 
sion and  compression,  160;  of  torsion,  165. 

Ebctric  battery,  849. 

Electric  currents,  induced.  029:  light  In  a 
vacuum.  935;  mutual  action,  909. 

Electric  discharge,  effects  o(;  853 ;  In  Taeunm, 

Electric  light,  propertlea  of,  885 ;  regulators  ot, 
884;  rotation  about  a  magnet,  036. 

Electric  spark,  color  of^  862. 

Electric  telegraph,  history  of,  021 ;  Morse's  rs* 
cording,  924 ;  varieties  of,  023. 

Electricity,  atmospheric  860,  861:  chemical 
effects,  868;  chemical  union  tiy,866;  classl- 
flcatlon,  773:  conductors  oil  814 :  disrnargs 
In  caiK»de.860;  disguised.  843;  distribution 
of;  826;  dynamical,  862;  dyuamiral  con- 
Terted  into  statical,  933;  earth  a  reservoir 
ot  816;. fleeting  'current.  909;  fk-om  all 
sources  identical,  9.'19;  from  steam,  S.'i9;  loss 
of;  in  excited  bodies.  827;  magnetic,  774; 
saechanical  effe.*ts,  867 ;  only  on  outer  sur> 
tue,  824;  of  plants,  946 ;  positive  and  negar 
tivc,  813;  of  the  air,  987;  physiological 
efrect^  864;  theories  of.  816;  theory  of 
▼olUic,  863;  universal  discharger  of,  851; 
Telocity  of,  818;  vitreous  and  resinous.  818. 

Electrical  amusenienta.  840;  animals,  (M4; 
attraction  and  repulsion,  812;  bells,  842; 
blasting,  937 ;  cascade  in  vacuo.  936 ;  clocks, 
028;  condenser,  discharge  ot,  846;  effects, 
811;  egg,  862. 

Electrical  excitement,  sources,  810;  unlver> 
sality  of;  940;  various  sources.  840. 

Eleetrical  fire  alarm,  028;  hail-storm,  842: 
helix,  910 ;  indoctlon,  828 ;  Uunp,VolU*s,  85€L 

Electrical  machlnee,  884-838;  cars  of,  888; 
theory  ot  841. 

Electrical  nomenclature,  882;  pendulum,  812; 
phenomena,  987 ;  power  of  pointa,  826 ;  re* 
tardation.  880;  wheel.  842 ;  tension  and  enr* 
rents.  817. 

ElectroKrhemical  telegraph,  926. 

Klectrode,  electrolyte.  882. 

ElectnHlynamic  spiral,  910. 

KlectnMlynamlcs.  general  laws,  002. 

Klectrolysis.  laws  of;  800;  of  salts,  801;  of 
water,  880. 

Electro-magnetic  currents,  motkm  of,  004 

Electro-magnetic  motion.  017. 

Electro-magnets,  013;  l*ags't  revolving,  014; 
power  of;  016. 

Electrometers,  882. 
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Klertromcter,  |;old  iMf,  846:  tonloo,  890. 

£l«^lroplK)ru«.  833. 

Kli-rtnv-itonUlve  and  elpctro-negatJTe.  887. 

KliTtro-prinitnf!  telegmph,  925. 

Kh-ctru-'coii^ii,  813.  K4*i. 

Klwtm«c«ni>,    Bohneaberger's,    873;    VoIU*t 

coD:leii(iiiiK-  8M. 
Electn.Ope,  892. 
Emf.rttM't  TnniUAtors,  725. 
KniUitivH  pnwf  r  for  heat,  638. 
Klpm«ntit  are  simple  bodlei,  1 
Eii«llt>M  nrrew,  12tf. 

KniioKUXNw.  244 ;  of  gaae*,  250 ;  tbeortet  of,  251. 
KiKl'Himonifter,  2M. 
EiiKlteh  and  Amarican  weights,  101. 
KniriiMh  units  of  leorth,  17. 
Br>liptlH,  701. 
Epip»llc  dispttr^Ioo,  533. 
Kquatorlnl  tHlesmpv,  505;  Cambridfff,  606. 
Kqullibrium,  38:  ronditknitof.  in  Ilquida.  109; 

neutral,  unstaitle.  and  stable,  207  :  of  bodi«« 

fiupported  in  mor«  tban  one  point,  09;  of 

mMrhinv«.  1U7. 
Bqullittrium  of  Hqntdii.  between  Inmlniip,  210; 

freo  from  Rravitr,  200:  in  romnianicaUng 

TtWH*!*.  2ul ;  of  different  den.«f  t1«ni,  202. 
Equilibrium  of  Holidfl  plactKl  u|>on  a  horisontal 

•iirfnre.  97 :  fupporttnl  by  an  axis,  66. 
Kqullibrium  of  tiie  lever,  114. 
Errors  of  lMromet«r,  canses  of.  260. 
Esrape  of  romprvrM»«Ml  pi?w»,  283;  of  Uqalds 

throuj?li  tuU'M,  223.  224. 
EMK^ntinl  properti*^  ofm-ttter,  12. 
KHlimatinn  of  lii^h  tempera turen,  586. 
EustAcbiHU  tub.).  393. 
Evapornting  power  of  fuel,  716. 
Evaporatiitn.  ratiiie.**  influencing.  673;  cold  by, 

OMl ;  tntH-hniiicnl  forre  of.  684. 
Kxampl(}H  of  compound  levers,  115*. 
Exosuiohe.  '244. 

£x|mi)i*iMlily  and  compressibility,  610. 
Expnn-fbiiity.  22 
Expanvion.  amount  of  in  solids  fiOl ;  apparent 

and  alMiOute  .V.»S;  f,xrfflclfnt  of.  ftfti ;  cubical. 

6i>0;  curvunf  for  liquidi*,  <K)2;  force  excrtt^d 

by,  b%\\   incn-naoK  with  temperature.  592; 

linear.  580:  of  cry«tal«*.  590. 
Kxpan<iou  of  ga.HfS,  263,  605;  RegnauICs  re- 

KUltH.  0<»7. 
Expansion  of  liquidn,  597;  above  boiling.  602; 

nmonnf  of.  (4)1. 
Ex|i.nnKii>r)  apparent  of  mercury.  600;  of  mer- 
cury. C'K»ffiii«nt.  .^98 ;  of  noiidj*.  689 ;  of  water, 

6<i4;  phenomena  of,  594:  unequal,  of  (M>lids, 

695.- 
Experiment  a  source  of  Icnowledge,  2;  hydro- 

Htatir  pressure.  194. 
Exi;HTim»?nt.-<  of  Defspretr,,  275;  of  Pascal,  194, 

2«')2:  of  Plateau.  2(M):  of  ite^nault.  276. 
Eip>rimentfi  on  dt-nsity  of  tlie  earth,  102;  on 

li«juld  mirfnci'S.  '2;tt, 
Explosions,  cause  (tf,  701. 
Extension.  13. 

ExirenieK  of  ipmperntnro.  744. 
Kyi'.  nciif)n  of.  on   ll^lit,  469;  adaptation  to 

distsince,  4S0;  a  polariscope,  502;  structure 

of.  4r,8. 
Eye-piece,  Tolles'  solid,  512. 
Eye- pieces.  600. 

Facts  (in  interference)  venms  theory,  628. 
F\ihrenheits  hydrometer,  212;  thermometer, 
570. 


FaMtank^  ^sales,  115. 

Falling  bod  ea.  laws  at  71. 

Falling  body,  aettoB  an  I  rwelloB  ot;  77 ,  i|Mi 

described  by,  71. 
Fhrodafi  nomendatore,  882. 
JRirudajf  on  liquefiieClon  of  ga«ea,  888. 
Ftre^Uarm.  electrical,  028. 
Fire  engine.  294. 
Firti  regalatora.  504. 
Fixed  lines  In  spectra,  461,  462. 
Fixed  pulley.  118. 
i*lexnre  of  beams.  10*2. 
Floating  bodies,  206:  eqnUibrinm  of;  107. 
Floating  current  009. 

Floating  dock^.  206.  ; 

Flow  f^om  capillary  tnbee,  213. 
FlowufliquidK,2l8. 
Flow,  theoretical  and  actual.  216. 
FluidH.  186;  resisUnce  of;  143. 
Fluorecsence.  58.3. 

Foci  of  lense«,  compound.  450;  ooncaTe,  44S; 
convex.  447 ;  principles,  445 ;  rvles  for,  4IIL 
Fog-bows,  537. 
Fo««.  or  mists.  974. 
F(¥>t-pound  a  measure  of  beat,  750. 
Force  and  lieat,  relations.  758. 
Force,  chemical  or  pliysical.  5;  dcAoitloii  << 
36;  developed  by  evaporation.  684 ;  directkm 
of.  40;  of  expanfdon.  59$,  603;  of  gravity, 
58 ;  unit  of  37. 
Forres  are  definite  qiiant1tl(>a.  36. 
Forces,  centrifugal  and  centripetal,  52;  cor^ 
relation  of.  loH:  not  parallel  applied  At  dif 
ferent  points.  49 :  meamre  of.  41 ;  parallelo- 
gram of  45;  pnipofdtions  in  regard  tn.42; 
resolution  of  50;  statical  and  dynamical, 
39 ;  system  of.  44. 
Forcin;;  pump.  292, 
Forms  of  crystals,  153:  of  mirrors,  417;  of 

vibrations.  .307. 
Formula',  Bchromatl»mi.  467. 

"  altitude!*  by  barometer,  272. 

"  appnrBntexpaiis1<»n<4'mercory.600i. 

"  oMitral  fon'es.  ,'>4. 

"  chanjrrt  of  volnmi*  in  (rases,  608. 

*♦  compensating  iiendulum.  i^6. 

"  compound  |.-rT«e»«.  450. 

**  Of-ncav«*  lenMfH,  44^. 

"  concave  mirrt»rs.  42S. 

"  Convex  lens.  447. 

••  convvx  niirri»r«.  4:;-2. 

**  corre«-tion  of  biimmtjtrir  liei;;ht,5Ml 

"  electric  piles.  8s I. 

•'  emllests  Kcrew.  129. 

"  escape  of  liqui.!*.  Jr^^i.  '224. 

*'  expansion  of  liqniiis.  .'.9^ 

'•  f  xp»n>ion  oi  .«>Hd!i.  591, 

•♦  flfxnre  «»f  beams    \*-2. 

**  flow  of  liquids,  216. 

••  inclined  plane,  l-2-2-l2i 

"  index  of  refraction.  440 

*•  light  twice  n-flected.  423. 

«•  ma:mifvin}Z  power  of  lenses,  404. 

"  mlrroH'opi*^.  .'iia. 

"  motion  of  prt^jectiles,  103. 

•'  .Ni'\vton>.  for  veli^city  of  M>und,653 

'*  optii-al  fWlTre  of  Icmtea.  452. 

*'  pencils*  of  liirbt  refiacted  at  plane 

snrfai-es.  44:{. 

"         pencils   of  light   transmitted   bj 
plane  gla>«.  444. 

**  pendulum,  81.  82. 

"•         penetrating  power  of  MewopHyMr. 
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Formolta,  pulley,  119, 120. 

**         refraction  n  t  npherira]  turfiicefl,  445. 
**         refractloD  by  parallel  mvdia,  442. 
**         relation  of  volumn.  tvDiperature, 
and  prefiflure  in  gases,  600. 

«»  apeclfic  gravity.  210,  211. 

"  ii|)eriflc  lieat,  053. 

*<         aphurii-al  aberration  of  Ien«ea,  454. 
-  *'         standard  thermometer,  577. 

*'  strength  of  tN'ams,  172. 

**         uiiifurm  motiun,  30. 

**  variable  moliuu,  32. 

**         Tariatkon  of  icravity  by  rotation  of 
the  earth.  04. 

<*  Tariutiou  of  gravity  in  altitude,  95. 

<•         yarUUon  of  gravity  in  latitude,  90. 

«         veloiity  afl«'r  impact,  IM. 

**  velo(ri(y  of  discharge,  220. 

**         yoiocity  of  lliiht,  404. 

«  velocity  of  winds,  981. 

**         vibration  of  air  in  tubes,  384. 

**         visual  power  of  telescopes,  507. 
Hwtin'a  barometer,  26A 
fhueauU'i  apparatus.  404. 
Prunllin't  kite.  860;  pul)«e  glass,  677. 
Fraunhqffr's  dark  lines,  461. 
Freiiing  in  red-hot  crucibles,  609. 
Freifxing  mixtureg,  C57. 
Freeziiit!  point.  569. 
Fre'h  air  in  (iwellingK,  726. 
Frftnd  lens,  521. 

French  tiystem  of  meawurefi,  18;  weights,  100. 
Friction,  advantage  from,  141 :  during  motioq, 
138;  heat  from,  735,  736;  sliding,  137 ;  startr 
ing.  138. 
Frictional  electricity,  809. 
Fro^t,  977. 
Fuel,  evaporating  power,  715;  relative  Talue 

of,  753. 
Functions  of  the  ear.  394. 
Furnace  blowens  282. 
Furnaces  f«>r  hot  air.  729. 
Fusion,  hiws  nnd  heat  of,  658;  peculiar  So 
some  solids,  659. 

OALTAmo  battery  a  misnomer,  864. 

Galvanic  current  943. 

Galvanism,  discovery  of,  862;  contact  theory, 

86:{. 
Galvanometer,  905 ;  sine  compass,  906. 
Gamut  366. 

Gas  Illumination,  products  of;  721. 
Gas  jut,  mutdcal  note,  3S2. 
Gas<M,  252:  and  vaporm  kientity  of,  688;  com- 

Cwdbility  of,  274-277 ;  ri.ndurlibility  for 
t, 620 ;  density  of.  Oil ;  expansion  of.  253 ; 
expanMon  by  heat.  605 ;  laws  of  expansion, 
606;  liciuid  and  solid,  properties  of.  601; 
mechanical    condition    of,    254;    transmit 

fireraure,  265;  relation  of  volume,  tempera- 
ure,and  pressure,  609;  reduced  to  liquid^ 

689 ;  specific  heat  of,  652, 653 ;  volume  of,  608. 
GauicCt  cascade.  035. 
Oay  LusMift  barometer,  267;    hydrometer, 

212;  laws  for  expansion  of  gases,  606. 
OlasR,  temper  of,  liS. 
Glottic  388. 

O^t  steam  heaters,  732. 
Graduation  of  thermometers,  569. 
GraJtani'M  compensating  pendulum,  590. 
Gravity,  58 ;  a  souroa  of  motion,  70 ;  affected 

hy  ilM  Mrth'a  rotatioD,M;  inflotnesd  by 
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the  earth's  figure,  91 ;  intensity  varies  with 
latitude,  90 ;  measured  by  the  pendulum, 
I      88;  varied  by  altitude,  95. 

Gridiron  pendulum,  506. 

Grove's  battery,  875. 

Gyrascope,  57. 

,  IIadlbt'8  sextant,  425. 
I  Hall.  986. 
-  IlaloB,  537. 

Hammering,  179. 

Hardening.  178. 

•  Hardness,  176. 

,  Ilart*$   calorimotor,    870;   defiagratw,    870; 
I      electrometer,  846. 

Harmony.  nielo<ly,  365. 

Harrison's  compensating  pendulum,  596. 
I  Hearing.  341 ;  of  animnlM,  396. 
'  Heat  action  of,  on  matter,  566;  amount  by 
chemical  action.  751 ;  and  furce,  relations 
of,  758;  and  liRht,  analogy  of,  765:  and 
li^ht,  by  chemical  and  mechaniral  nction, 
768;  caui-e  of.  in  animals  756;  cant'Ofi  whii-h 
modify  emissive.  al«orl>ent  and  reflecUve 
power.  C39;  change  of  state  in  bodies,  764; 
coloration.  646;  conclusions.  772;  roitduo* 
lion  of.  613;  convection  of,  626;  developed 
by  FolidlficatUm,  663 ;  diffraction  and  inter- 
ference, 649;  dynamical  theory,  7C2:  expan- 
sion of  gnses  by.  (i06;  expansion  of  liquids 
by,  597 ;  expansion  of  folids  by,  589;  from 
magnetism,  918;  latent  655:  methsnical 
equivalent  758,  7*00;  mechani<-al  unit  of 
measurement  759:  nature  of.  564;  of  com* 
buation.  749 ;  modes  of  communication,  612, 
of  capillarity.  741 :  of  chemical  action,  748; 
of  compreK^^ion,  739;  of  friction,  735-738; 
of  fusion.  658 ;  of  humid  combinations.  754 ; 
of  percussion,  740 ;  of  voltaic  arch,  886;  of 
voltaic  currents.  887 ;  origin  of  terntstrial, 
746;  polarization  of,  649:  quantity  and  In- 
tensity, 771;  quantity  developed  by  fric- 
tion, 736;  quality  u^  how  changed,  770; 
radiation  oi;  620;  refiection  of,  635;  refrao* 
tion  of,  648;  relation  to  cold,  565;  specific 
661 ;  transroiKsion  of  radiant, -641;  unit  of 
C50;  universal  radiation,  633. 

Healing  by  hot  water,  730. 

Ileiicht  measured  by  barometer,  272. 

HelifhtM  nieiisnred  by  boiling  water,  679. 

Helix,  electrical,  010. 

Hirrffs  fountain,  296. 

Hij£h-pro»»iure  engine.  711. 

Hi>ch-prea<«ure  steam,  680. 

Horse-powur,  714. 

Horfe-power  machines,  132. 
I  Hot  air  furnaces,  729. 

•  Hot  water  apparatus,  731. 
I  House's  telegraph,  925. 

Humidity  ofthe  air,  972. 
I  Hurricanes,  968. 
I  Hydraulic  ram.  296. 
:  Hydraulics,  213. 
I  Hydroilynamlcs,  186. 
,  Hydrometers,  212. 

Hydrostatic  paradox,  196. 
I  Hydrostatic  press,  190. 

Hydrostatics.  186. 

Hygrometers.  973. 

Hypotliesis  defined,  3. 
I  Hypsometer,  679. 

Ici,  enrrtnts  produotd  by,  724b 


L 


704 


INDEX. 


Ic0  maehina,  Twlnlng't,  081.  | 

UlominKtfon  of  railwmyi,  620.  | 

lUumlnatton,  pmdarta  ot,  721.  , 

lllanilnation,  nufllrlency  of,  477. 

IllustniUun  of  via  viva.  111.  | 

1iiiaf{««.  hy  concMTv  niirrora.  433:  bj  eooTex 
niim^n',  4;i6;  by  plana  inirn>r^  410;  by] 
amall  aiwrtura^.  412 ;  by  iorlliied  mlrrora,  I 
422;  by  two  plana  mlrrum,  421 :  diMtortlon  ' 
of.  466;  formed  by  lenaea,  463;  In  tha  eya, 
Inverted.  470 ;  muliipllad  by  two  ■urfiKM^ 
420;  virtual.  434. 

Impact  and  Ita  rvaolta,  112;  a«  relatad  to  rla 
Tlva.  112;  In  ralatlon  to  momantum,  112; 
of  ttlaatic  bndlaa,  IK2. 

ImpanetraMllty,  14. 

Inipanftmbilliy  of  air,  269. 

Impoiidarablaa,  11. 

Im|>n«dona  of  ligbt  and  baat,  7M. 

lDcand«w»noa,  7tt7. 

Incb  of  wat«T.  221. 

Inclination  map.  laorllnal  linec,  704. 

Inclined  plane,  121-124. 

Index  of  ntfhicUon,  440. 

Induced  currenta,  dllfcrent  ordara,  030. 

Indaoad  eunanta  from  earth'a  magnatiitm, 
038. 

Induction  an  act  of  enntlgnona  partldap  830. 

Induction  coll  of  Kubmk(nir,  033;  affecta  of, 
034. 

Induction,  eI«>rtroKlynamic,  020;  of  a  cnrrent 
on  ita«1f,  030;  of  electricity,  828 ;  of  magnet- 
ism, 783. 

Inductive  philomphy,  4. 

Inductive  power  of  earth's  magnatiam,  707. 

Inertia.  26;  of  air,  200. 

Inflammntlon  by  electricity,  866. 

Inflaenreoftheeartb*!!  figure  upon  imiTlty.Ol. 

Intenidiy  of  aerial  wnvwi.  332;  of  light,  413: 
of  lumiiiona.  calorific^  and  chemical  rayn, 
40  (;  of  many  oouplea,  881 ;  of  radiant  beat, 
631.  , 

Interference  colors,  620:  of  light,  627;    of  i 
muDd.  340;  of  wavaa.  327,  328. 

Intermittent  fountain,  286;  springs,  286;  sy- 
phon, 286. 

Inteniai  ear.  303. 

Inti'rnal  reflection  of  light,  408. 

Interval  in  music,  371. 

Iul)l^  882. 

Irrfgular  reflection  of  Ilirht,  410. 

]»>chri>niMm  of  the  pendulum,  80. 

iMw-lironous  vibrations,  303. 

liioUynainic  Huea.  706. 

lF*0}ronal  lim^i,  780. 

Itiotbermal  lines,  060. 

Jets  nf  water.  226. 

Jolinxon  on  stren^rth  of  materiala.  170. 

Joule't  experimeuta  on  heat,  760,  761. 

Kalfidoscope,  424. 
KHiychromatlcM.  404. 
KHV-noi*-  of  nature,  336. 
Kilnmetre.  18. 

I.^Rrxx.  388. 

IjHient  I'lirtrSclty,  843. 

Lnlfnt  beat.  ti56. 

fjiifiit  heal  of  fusion,  068;  of  steam,  682. 

I.jtcml  strength  of  bearaa,  172. 

Lotour'i  law  for  vapors,  602. 

r^w.  definition  of;  t. 


Iaw  of  cooUng  by  ndiattoa,  68S;  of  IMow, 
003;  oTunlvOTnl  gravitatinn,  69. 

Iaws  of  aeoustira  determlBe  apcicifle  beat,  66L 

Laws  of  Uemoulll,  384;  of  cspUlarity,  SK; 
of  capillarity  between  lamina,  240;  r/cke. 
triral  attraction  and  repol»ioik  8IO-6S2:  of 
electrical  Induction.  820;  of  electricity  and 
chemical  action,  808;  of  rlertroly*^  UO; 
ofidcctnHlyDamir8,002:  of  eleeiru^iagDet- 
tam.  016;  of  Iklling  bodlea  71:  applkaikm. 
78;  Terifkatloa.  72;  of  fualoD.  06ft;  t4 
Ohm,  880;  of  solidiflcatjon,  M2;  of  rbunai^ 
071 ;  of  tenacity,  170;  of  tondon,  100. 

length  of  luminous  wavea.  631. 

Lenaea,  438;  compound,  460;  conraTe.  44$: 
convex,  447 ;  Images  formed  by.  463 :  opticti 
eantre  of.  462;  refraction  of  oUique  pesdis 
by.  461 ;  ralea  for  foci.  440. 

l^.  Bojf's  dynamometer,  S7. 

Lever,  113;  application  of;  116;  eqniUbrtaa 
of.  114. 

Lavden  Jar.  847 ;  eloetrldty  In,  848. 

Life  an  unknown  power.  10. 

Ught,  action  of  eye  upon.  460;  amosnt  re- 
flected, 407 ;  and  beat,  atialoffy  of.  766 :  and 
heat  by  rbemiral  and  mechanical  aetinn. 
768 ;  dianged  by  poIarisarimK  643;  O'lor  oC 
dependa  on  temi<erature.  7tW:  difl^si^  410; 
direction  of  Tibration»,  641 ;  bnal  and  rlee- 
iricity  are  fnrcea  in  nature.  II:  In  a  boaio- 
gen(>oua  medium,  4(i3:  intluei.red  bj  ms;;* 
netiam.OlO;  internal  n'fl<>rtion.408:  irrpgo- 
lar  n-flectlon.  410:  length  of  vibration".  6;il ; 
nature  of.  39S :  penciia  oC  paa^ing  thn>u(rt> 
plane  glaaa,  444:  pencils  of.  rr(ra>-tr^  at 
plane  surfiu'ea,  443 ;  polarised  by  alnvirption, 
646;  polnrised  by  n*flertiou.  644;  poUriscd 
by  refVaction.  647,  648;  propcrti^i  oC  406; 
total  reflection  of.  409 ;  rays,  pendla.  beans, 
401;  refracted  by  parallel  strata.  412;  rela- 
tion of  bcdica  to.  4UU ;  Murrea  of.  390;  trana- 
niii*>'inn  of  vibratlona,  642;  Telocity  ot,  404. 

Li};ht-hottJ>ea.  622.  623. 

Lightning,  090 ;  da*ses  of;  001 ;  return  stroke. 
092. 

Ligbtnlngrodii.  093. 

Liuiiu  of  elasticity.  108;  of  magnitude,  ITS. 

Linear  expaniUon.  6F9. 

Liqniil  Kurfiicea,  ranse  of  curve,  234. 

Liquid  veinn,  cunatilution  of.  2^2. 

Uquitla,  186;  amount  of  ex^tanFion,  001; 
ascent  in  capillary  tnliea,239:  cundlrhMSof 
equilibrium.  100;  conducilMllty  for  biat, 
619 ;  convection  of  beat  in,  627 ;  curve  of  ex- 
pansion, 602;  downward  pre>*anre  of.  191; 
elaiiticity  of,  1S8;  equilibrium  of,  109,900; 
equilibrium  of  In  communicating  veMels. 
201,  202;  expanrion  of,  607:  expaasloo 
above  boiling.  602;  fhrre  of  expansion.  ti03; 
lateral  pre^^snre,  193;  mecbanica]  mndiilon, 
187 :  repelled  by  heated  snrfsce,  097;  vfhtr- 
oidal  fitate.  G94 ;  transmit  pr^asure,  169;  op- 
ward  pressure,  192. 

Liquefaction  and  aolidiflcation,  066;  gradual, 
666. 

Liquefitction  of  gasea,  theory,  688 ;  of  Tapot% 
«>86. 

Lift^t  apUnatic  fod,  609. 

Litre.  18. 

Living  fiirce.  111. 

Lodei>tone.  774. 

Looming,  689. 

Long^htednaia,486. 
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MACHnn  power  and  waiitht,  KWL 

Mitcbinca.  Iu5;  eiiailibnoB  oC  107. 

Ma<ir  lantern,  bli :  KiaArM.  Sd'i. 

>U;metie  attraction  and  repvlskm.  780: 
777:  ilit*  of  n«'v<ll«.  791:  elvctririij.  774; 
fiKUiv«.77S:  furre.  tli«iributioa.  77f«;  f^ve. 
lintf  i>r.79»;  imlurti-'D.7*i3:  ilil«•ll^ity.7V^; 
nifridian.  78^:  mwille.  779.  7K7:  okmerr*- 
tioDi*.  79S:  phantom.  777;  polaiilj.  776; 
rotary  polarixxiiuo.  MO. 

UaKnetiam.  action  upon  ll^bt.  919;  atmos- 
pheric, 800;  covrritiTe  Ibrop.  7£M:  by  contact. 
781;  cooTemion  into  beat.  918:  diilerent 
bodlea.  78*2;  of  atrel  by  aolar  raya,  8ii7 ;  of 
the  earth,  artlon  ot  on  dipping  ne«idle,  70*2; 
ori)(in  of  the  earth's,  801;  terrasttial,  7b7; 
tti«orit!«.  784.  785. 

Maj^rnvtixing  by  the  helix.  012. 

Ma^cnetaetertric  apparatus,  938. 

Maicneto^liH^ricity.  938. 

MagofUi.  anomalooii,  779;  artificial,  Tli:  by 
•leetro-magnetiMm.  805;  by  u>och.803:  cnai> 
pound,  8u6;  deprlred  of  power,  808;  direc- 
tive tendency  oC  787 ;  bome-aboe,  804 ;  natu- 
ral. 774;  production  of;  802;  ralue  huw 
▼arled.  802. 

Magnifyiuit  Klaaaea,  493. 

Majcnifying  power  of  lenses.  494. 

Maxniiade,  13:  limits  of;  173. 

Malleability.  174. 

UaiKMneters,  278 ;  with  eompressad  air,  280 ; 
with  f^eeair,  '.79. 

Map  of  hoclinal  lines.  794. 

Mariner's  compass,  787. 

Jlarintt4rs  law,  274. 

MurUn*t  compensatinft  pendulum,  606w 

Mathematical  peo'lulum,  78. 

Matter.  1;  acceSHory  properties,  19;  changes 
in.  7 ;  essential  properUes,  12 ;  general  pro- 
pertlea.  6;  three  states  oi;  16;  properties  of; 
physical  or  chemical,  8. 

Masfi,  41,  96. 

Maximum  and  minimum  thermometers,  678. 

Maximum  density  of  aqueous  solutions,  604; 
of  water,  604. 

Mean  temperature,  060. 

Mt*afnire  of  furcea,  41. 

Meaxun^  ofespNcity,  17, 101. 

Mechanical  condition  of  gaaea,  264;  efBdeney 
**(  the  screw,  128;  equiTslent  of  heat,  768; 
Ibrce  of  evaporation,  684;  lllcwtration  of 
▼ibration^  301 ;  sources  of  heat,  736. 

MechaniMm  of  the  voice,  880. 

JUtUcnCM  apparatus.  642. 

MdhmU  thermo  mulHplier,  042. 

Melody,  harmony.  366. 

Membranes,  vibration  of;  318. 

Men,  streuKtb  ot  13L 

Mercurial  rain.  24. 

Mercurial  thermometer,  668;  limits  o(  674; 
defects  of.  676. 

Mercury,  dopre^aion  of.  in  tubes,  288. 

MeridUn  measurements,  9L 

BfetaHntre.  208. 

Bletallic  barometer,  168. 

Metallic  thermometers,  680. 

Metals,  rhanfce  of  propi>rtii<«,  180;  cbaags  of 
structure,  180,  conduct  boat,  616. 

Metaataiic  thermometer.  679. 

Meteorological  ob«»mUion%  MB. 
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Metre,  18. 

Microectipe.  achmmatie.  angular  apcrtvre.  d»> 

floing  power.  Uluminaiine  po«rr.  ma^inify- 

ing  power,  penetrating  power.  vi*u«l  p'wer. 

61U:    cnmpi'und.   4»:  ob>»-f-v'la^''eK.  i*-?; 

Ka'pailn  diitserting. 49G:  simple.  4'. 6:  ei^lar, 

5IA:  ftjiod.614. 
Millimetre.  IN. 
MiuuieUiTiMon,  19. 
Mini-e.  b^\. 

Mirn^ra.  -H.'t;  form.^  of!  417. 
Mobil  it  T.  '2a. 

MfoJified  ft>rm«nf  rryataU.  165. 
Modulus  of  ela]<tirity.  1»& 
Moleeular  motioo.  in  heat,  763. 
Moieiules.  20. 
Mnmenium.  4-'*. 
Mon« chord.  3b7. 

Monthly  varintionii  in  temperature,  961. 
Mnrin^t  appnratus.  72. 
Mttrt^t  telegraph.  9i4. 

Motion  and  f»rce.  romp»«ition  of.  exatnplea.  46. 
.Motion  coumouirated  by  ct>l<i»iou.  Ibl. 
Motion,  compound,  30:    rurxllinear.  61:    of 

prct^eetilea.    lu:{:    uniform,  :H):    ni<iforn;Iy 

varied.  32:  variable,  .SI ;  varieliee  of,  28. 
MounttU|;s  fur  teleitoopes,  6u6. 
Mouth-pipe^  3}«a 
Movable  pulley.  119. 
Movement  ofdrope  in  tubes,  241. 
Mufiif  balln.  3(i2. 
Mu'^ic.  theory  of.  36:>. 
MuKi«-al  inairuntenti*.  383. 
Muxical  interval.  371. 
Muairal  Mtde.  366:  new.  .TTA. 
Musical  souuda.  336:  qnaUry  of.  363. 
Musical  tones  from  magnetii«a,  916. 

Natitkal  diapason.  S96. 

Natural  history.  10. 

Natural  philosophy.  9. 

Nature,  key-note  of.  336. 

Nearslgbtednew,  486. 

Negative  eye  piece.  600. 
'  Negreta  dtZambra'i  thermometer,  678. 

Neutral  equiUbrium.  2u7. 
;  New  musical  Mnle,  373. 
I  JVtfwt'm'M  fomiul*  for  velocity  of  sound,  663. 
I  NfwOmU  rings.  630. 
,  NichnUrm^s  hydrometer,  212. 

yictfC*  prlMm,  663. 

Night  glai's.  498. 

Nitric  arid  battery.  876. 

IfobUi'M  galvanometer,  906. 

Aobari  ringm  894. 

Nodal  flguies.  317. 

Nodal  line^  313;  how  delineated,  816;  posi 
tion  of.  314. 

Nodal  poinus  306. 

Noise,  336. 

Nomenclature,  Faraday's  electrical,  882. 

OBJ1CT-OLA88E8  fbr  the  microscope,  608. 

Objectives  compound,  609. 

Oblique  penrila,  430. 

Oblique  peni-ih  refracted  by  lenses,  461. 

Olw^rvstion  and  experiment,  2. 

Ocular  image,  brightness  o(  473. 

(BrtUdPt  diacovery,  903. 

Okm'i  law  of  retarding  power,  880. 

Open  fire,  728.* 

Opera^lass,  408. 

Optio  angle,  471, 
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Optic  axia.  471. 

Optical  ctnitre  of  a  lenii,  462. 

Optical  inntrumeDta,  403. 

Optlr«l  tuyis  488. 

Optl«-a.  M',. 

Organ  of  l*oole  and  Alley,  875. 

Or,caiiic  aolutlona,  oauio*i«  In,  248. 

Oripinii  of  healing  In  animala,  800. 

Origin  of  torrtsatrlal  beat,  740. 

Origin  of  uodulatk>na«  200. 

OxMlntion,  ci-nlre  of.  83. 

(>i>cll.ation  defined.  78. 

Oamoiw.  244 ;  onnditiona  of;  240. 

'tomuMf  of  luorffaoic  MluUons,  240;  of  organic 

ai>lttilonK,  248;  dlrectiOD  of  current,  247. 
Overahot  vheel,  220. 
Oaooe,  860. 

Page's  revoWlnK  magnet,  014. 

l\iffe't  Tilirating  armatare,  031. 

Jaracliute,  273. 

rarlMlia,  637. 

Parallel  forcM,  reiultant  of,  40. 

ParalleloKram  of  fbroeo,  46;  of  rotationa,  60; 
of  ▼elodtlea.  34. 

I\ueart  exp<*rlmenta,  104,  202. 

PatiKlve  mifitance,  136. 

l>ath8of  vibration.  311. 

PencilH  of  liglit,  401 ;  refiracted  at  plana  snr- 
fttcea,  443 ;  at  iiph«*rlcal  nurfacea,  440. 

Pendulum,  78;  applied  to  meamire  time.  84; 
applied  to  ntuily  of  Kravlty,  87 ;  ballistic, 
1U4;  eouipeniiating.  &U6;  cydoidal,  85;  de- 
mouKtraltM  rotation  of  the  earth,  86;  formn- 
In  f«*r.  81;  iiw>i-hroni«m  of.  80;  length  beat- 
ing Kecondft,  89;  pliyMcai  or  compound,  83; 
prtfpoflitiona  revpectin;:,  82;  simple,  79;  used 
to  measure  force  of  gravity,  88. 

Penetrating  power  of  microaoopet,  513;  of 
teiearopeii,  507. 

Penumbra,  411. 

Percufsion  a  M)urre  of  heat,  740. 

iVrffct  ronrt»rd,  372. 

I\rk-inf'  appnrHtUR,  731. 

IVrpetual  motion.  135. 

Pha.«ei«  of  undulationa,  304. 

Phenomena  defined,  2;  of  expansion,  594. 

PhiloRophii-al  egg.  852. 

PhoHphore^rence,  399,  534. 

Photo  eli^ctric  lantern,  884. 

Photography,  619. 

I'hotometeni,  414. 

Physical  force.  6;  porea,  28;  optica,  527; 
soun'CH  of  heat,  742;  tablet,  page  MO; 
theory  of  music,  363. 

PhyKicH  and  chemistry,  9. 

Physiological  eff^Mots  of  the  pile,  805. 

Piano  strings  friable,  180. 

Plnne  glass,  refraction  by,  441. 

Plants,  electricity  of.  945. 

Plateau' $  experiment,  200. 

PlHtcs.  vibration  of.  312. 

PIntform  bnlnnce.  116. 

Pneumatic  ink-bottle,  2S4. 

Pneumatics,  262. 

Polarity  of  compound  Hrenit,  878. 

PolarizHtion  and  transfer  of  elementj,  800. 

l*olarization,  atmofipheric,  561 ;  by  absorption, 
645:  by  heat  and  by  compreaaion,  660:  by 
reflection,  646;  by  refraction,  547,  548; 
coloreil.  566;  of  heat,  640;  *of  light,  641; 
parUal,  540;  roUry,  550. 


Polarixlnf  mitniD^nli,  664.     « 

AwVt  moiieal  foala,  VZ. 

Poraa,  pliyflcal,  23;  MBiibla,  9^ 

Porosity,  28. 

Positive  and  negative  cryeUla,  661. 

Poeitive  ^e-pieoe.  500. 

PamlkVi  galvanometer.  00& 

Power  of  points,  electrical,  830L 

Power  of  steam,  714. 

l*ower,  adaptation  to  weight,  110. 

Power  and  weight,  106;  relation  ot,  lOOl 

i'reaa,  hydrueUtic.  100. 

t^reaanre,  atmosphmrie,  267 ;  centre  oC  197 :  ol 
liquid  in  motion.  226;  of  liquid  downward, 
191;  of  Uquid  on  side  of  veaaei,  103;  of 
liquid  upon  containing  veaeel,  214:  prodnoad 
by  impact,  112;  transmitted  by  gaaea,  2U; 
tranamitted  by  liquids,  180;  varies  with 
Sp.  Gr.,  198. 

Primary  colors,  4dA. 

Prime  seventh.  873. 

/Vmoe  BuperfM  drops,  178. 

Printing  telegraph,  025. 

l^risms  and  lenses,  438. 

Problems  on  acoustics,  pagtt  288;  on  dasttdty 
and  tenacity  of  solids,  pace  146;  on  dsfr- 
tridty  page  667 ;  on  gravitation,  page  73;  on 
heat  page 506;  on  hydrodynamics,  pa^  190; 
on  laws  of  vibrations,  pa^  261;  on  throrrct 
machinery,  page  107 :  on  optics,  page  SOS; 
on  pneumaticK.  page  234 ;  on  weights,  msa- 
sures,  and  motion.  |iage  37. 

Production  of  waves.  319. 

Products  of  combustion  and  respiration,  718. 

Progreosive  undulationa.  3U0;  in  liquids.  320. 

Pro|)erties  of  matter,  general  or  rpecifie,  6; 
phy^ical  or  chemical.  8. 

IVopertiea  of  liquid  and  solid  gases,  601;  of 
solar  spectrum,  460 ;  of  solids,  140. 

Propositions  in  regard  to  forces,  42. 

Pn>je<  tiles,  theory  and  laws  of,  103 

Proof  plane,  823. 

Pulley,  compound,  120;  fixed,  118;  movable 
119. 

Pumps,  280-293. 

Pyrometers,  689. 

Pyrometer,  DanielPs.  584;  Draper's.  565;  Sa» 
ton's  reflecting,  582;  Wedgewood's,  583. 

Pyrometrlcal  heating  effects,  762. 

QuALiTT  of  musical  sounds,  363. 
Quantity  and  intensity  of  electricity,  866. 
Quantity  of  heat  from  friction,  730. 

Rain.  980 ;  snnual  depth  oi;  983 ;  days  oi;  982; 

distribution  of,  981. 
Radiant  heat,  intensity  of,  631 ;  partially  sL 

sorbed,  630;  transmission  of,  041. 
Radiating  power  for  heat  638. 
Radiation,  of  cold.  634 :  of  heat,  nnlvenal,  6B, 

Uw  of  cooling  by,  632;  terrestrial,  T4k 
Radiators,  steam,  782. 
Railway  illnmination,  520. 
Rainbow.  636. 

Ramsden't  electrical  machine,  836 
Range  of  human  voice,  390.  * 

Raya  of  light,  401. 
Reaction  of  escaping  liquids.  217. 
Jieaumur*$  thermometer,  570. 
Recompoaition  of  while  light  467. 
Reed  pipes,  381. 
Regulators  of  etoetrie  light,  884 
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Reflecting  teleteope.  601. 

ReUectioii  *t  carved  Hurfares.  426:  by  plane 

mirrorff,  418;  by  regular  Murfiiceii,  415;  of 

rlrrular  waves.  326;  ot  light,  4W;  of  sound. 

:i5'2:  of  wRve<i.  3i3. 
Reflective  power,  bow  determined,  636. 
R<tfractory  b«KlleM.  660. 
Kefrartion  at  curred  sarftce^  445.  446;  at 

retcular  surfaces,  4.*i8;  NttnoHpberic,  5:t8;  at 

glane  surfiuws,  439;    by   lensw*,  447-451; 
y  plane  gitixs,  441 ;  by  prlMma,  439;  of  beat, 

&i8;  of  light,  406;  of  pencils  of  light,  443; 

of  sound,  357. 
Befrigerators,  724. 
BegnauU'M  experiments,  276. 
B^nauU  on  expansion  of  ga.««8  by  heat,  607. 
Relation  of  bodies  to  light,  400;  of  power  to 

weljfht.  109;  of  specific  heat  and  atomic 

w«>ight,  654. 
RelativM  yalue  of  fbel,  763.  , 

RepuMon,  146;  electri(ttl.  812;  magnetic,  780. 
Repulsion  of  li^^ht  floating  bodieis  *i42. 
Repulsite  action  of  heated  surface.  697. 
Hesir'tanre  of  columns,  171;  of  fluids,  143; 

passive.  136. 
Rest,  aiw  lute  and  relatlvA.  26. 
Resultant  of  opposite  parallel  forces,  47;  of 

unKiual  parallel  forces,  46. 
Results  of  impact,  112. 
Revolving  maitnet,  914. 
Revolving  lights.  523. 
Rf.jfnvr'M  dynamometer,  37. 
Rheostat,  907. 
Ri;ddity  of  ropes,  142. 
Ritchi^t  I'ltwlrical  machine.  837. 
BdberU?  oompensating  pendulum,  696. 
RtSnraVM  balance.  115. 
Rods,  vibration  of.  310. 
EngfCt  oBclllMting  spiral,  909. 
Rolling  friction.  139. 
Ropes.  ri)dUlty  of,  142. 
Rau^t  telescope,  503. 
Rotascnpe,  57. 

Rotation  of  electric  licht  about  a  magnet,  936. 
Rotation  of  the  earth  demonstrated  by  the 

pendulum.  86. 
Rotations,  parallelogram  of,  66;  right-handed 

or  left-handed.  56. 
Rotary  polarization,  666;  magnetic,  660. 
Rotary  pump.  29.3. 
Rousseau't  hydrometer,  212. 
Ruhmk-orffcnW.  9:a. 
Kult)  for  position  of  Images.  436. 
Rum/itrtTx  photometer,  414:  thermoscope,  687. 
Ruthcr/ord't  thermometer,  678. 

Saiqet's  table  of  length  of  pendulum,  90. 

Saturated  space,  669. 

Saturation.  6<il. 

Saussure'M  hygrometer,  973. 

Sbvaifg  toothed  wheel.  .101. 

^<lty/ry«  steam  engine,  706. 

SaxUm't  deep-sea  thermometer,  681 ;  reflecting 

pTiometer,  582. 
Scale  besm.  115. 
Srintillating  tube,  8.'>2. 
Scre«n^  disthernianic  power  of,  643. 
Srntw.  127:  efficiency  of,  128;  endlesa,  129. 
Sea  liifhtfl.  622. 
SesHons.  947. 
Secondary  axes,  430. 
Seconds  pendulum.  80;  flbrmnlas  fbr,  90 ;  table  : 

of  lengths  in  dlfBuTMit  ladtndei,  90. 
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I  Self-registering  thermometers,  678. 
'  Sensible  weight  varies  in  difforeut  localities, 
'     93. 

I  Seusiliility  of  the  ear,  378. 
!  t^eptuui  refj^uired  for  osmose,  246. 
:  Series  of  elliptic  halls  185. 
j  Seventh,  harmony  of,  373. 
I  Sextant,  HndleyV,  425. 
j  Shock  transmitted  by  elastic  balls,  186. 
!<Hliman'*  photometer,  414. 
Simple  microscope,  495. 
Simple  pendulum,  79. 

Simple  pendulum,  propositions  respecting, 82L 
Simple  vision  with  two  eyes,  482. 
Siren.  360. 
Sliding  friction,  137. 
Satem^t  battery,  871. 
Snow,  984;  colored,  986;  limit  of  perpetoal, 

955. 
Solar  microscope.  516. 
Solsr  spectrum,  properties  of,  460. 
Solenoid,  910. 
Solid  eye-piece.  512. 

Si»lidiflcation,  change  of  volume  by,  664. 
Solidifiration  liberates  best,  663. 
So'.ldifif^liou  of  gasert,  theory,  688. 
SolidH,  iharactirlstics  of,  149;  condurtibility 

for  heat,  (>14;  i-xpansion  of.  589;  structnre 

of.  150;  undulations  of,  306;  unequal  ex- 

ptinsion  of.  595. 
Solution.  0(>I. 
8<»nom«*ter,  367. 
Sononins  tubes,  379. 
Sonorouo  waves,  length  of.  370. 
Sound.  3-%;  dniance^  calculated  by,  346;  in 

all  elastic  Ixidies.  .'140;  iut'irferunre  of,  349; 

not  instantaneous,  342;  not  pro|iagated  in 

a  vacuum,  339;  propagated  by  waves.  337; 

reflected,  352;   refracted.  357;  velocity  In 

air.  344;  velocity  in  gases,  346;  velocity  in 

liquids.  347  ;  velocity  In  solids.  348. 
Sounds  of  birds,  392 ;  of  insects,  892 ;  produced 

by  anlmalx,  392. 
Sounding  bodies  vibrate,  336. 
Source  of  heat  influmring  diathermancy,  044. 
Sources  of  heat,  734-757. 
Sources  of  light,  399. 
Space  described  hy  a  fldling  body,  71. 
Speaking  trumpet,  358. 
Specific  gravUy,  209. 
Specific  gravity  liottle.  211. 
Spe<'ific  gravity  by  balance,  210. 
Specific  hiMt,  651. 

Spi^ific  heat  and  atomic  weiirht  related,  664. 
Specific  heat  determined  by  laws  of  ucoustio^ 

053. 
Specific  heat  of  gases,  662. 
Specific  weight.  99. 
Spectrum.  4.'>6;  dark  lines  in,  461. 
Specula,  416. 
Sphcrkal  aberration  of  lenses,  464;  of  mirrors, 

437. 
Spherical  mirrors,  426. 
Sphericity,  a1ierrati(»n  ot,  4.'»5. 
Spheroidal  state,  694;  cause  of.  698;  cause  of 

explosions.  701 :  familinr  illustrations,  702; 

ri'markahle  phenouiena,  700. 
Spirit  level,  2u:{. 
Spirit  thermometers,  675. 
Spring  balsnre.  37. 
Springs  intermittent  286. 
Stable  eottllibrium.  207. 
Standard  tbarmometer,  677. 


?<»9.  " ' 

SteHin- beater*,  732. 

8te«u-pii«t»r.  134. 

SUvulMHit,  the  flivt,  706. 

8t*«Iyiinl,  115. 

Store.  IM. 

SUfntomnnoiK'Ope,  620. 

StvTMiarope,  5*25. 

Stonn't  ▼eiitiUtinsc  nhaft.  723. 

StofiDB.  f(«'n»rHl  Ihws.  Vil. 

8tn«in  ni4NUiur«ri«,  227. 

BtrviiKth.  aiiimnl.  l.'H) ;  of  hMms  and  tnbaa, 

172;  of  niaieriAlR.  170:  of  men,  131. 
Strurturn  of  huninn  eye,  4<S8, 
Structure  of  metMla  chanKed,  180. 
Study  of  colons  4i>2. 
Stutterinic.  301. 
Submnrine  ttflrirrapba,  027. 
SulmtancM  di^flninj,  1. 
Suction  and  lifting  immp,  291. 
Suction  pumiw.  200. 
Sulphate  of  coppt*r  iMttery.  872. 
Son.  a  ffonrce  of  b*«L  742;  Inflneneo  ot  M8* 
quantity  of  heat  from.  743.  ' 

Surfkee  of  UiacbarKtng  liquid,  216. 
Syphon.  2H6. 
Syplion  barometer,  287. 
Syatemofforcea.  44. 
System  of  magnetic  obMrrations,  7JW 
SyRtem  of  whfclH,  117. 
Systems  of  crystal*.  164. 

Tables,  Af«renl  of  liqnldx  In  tubes,  230. 

"        AbMnrptIre  powiT  for  heat  from  dlf- 
ferent  «>uiT«a.  App.  tab.  IX. 
Ab».orptlve  power  of  different  t)0die8. 
App.  tab.  VIII. 
"        Aqui-oufl  vnpor  In  a  cubic  foot  of  snto- 

rated  Mir  at  different  tcmperaturets  I       " 
App.  tnb.  XXI.  « 

"        Barometric  column  at  yarloos  altl- ! 

u    «J";'*:^:^.\ Teie^im, 
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Tenacity  of  dllfennt  anbataaeai,  170. 

Teiiarlty,  law»i  of;  170. 

TeDHioii,  2o:2;  chnniCM  dannlty.  160;  maximam. 
of  va^HtrN,  60tf ;  of  vapors.  Ualton't  law.  070 ; 
of  viipi>ns  in  rammuiileaUDg  Tcmelii.  071. 

Terivntrial  attrartioa,  diraetion  oi;  60;  point 
ofMpplifatiuu.  61. 

Tenvfiriiil  eyv-pieoa.  500 ;  bnat.  origin  of^  746; 
ir.a;(nt*tiaai,  7b7  ;  radiation,  7<45. 

Tlmuuiatn»p«,  4^8. 

TlitH>ruin  of  Archiinodefl,  205;  of  Tbrrloalli,  210. 

TheoreCiral  and  actual  flow,  2l6i 

Tb«orltMi  of  endosmoM.  251 ;  of  light,  308;  of 
li^ht  unnatinractory,  406. 

Tlieitry  dtfAned.  3;  of  liquefiMstion  and  aolidifl- 
cation  ofgNiMfa.  688;  of  andnlatloni^  2U9. 

TbernnJchnMy,  646. 

Tlieriiio-tlvctricity.  041. 

Thermo  electric  motionH,  041. 

Theriuoni«it«fn«,  667 ;  air.  6M7 :  Bregnat**  metal> 
lie.  6H0;  CBiiU;aiidtN  670:  oompariann  of 
■raVii  of,  571 :  con  ntr action  of,  668:  d«f<^tii 
in  m** rru rial.  676 :  Kiihr«nli«it*a.  670;  gradu* 
atinn  of,  Mii:  houm.  672;  Howard's  dillbr- 
ciiUhI.  5^7:  Kiunvmlfy'ii,  852;  I^rtlleV  dlf- 
ferrntial,  6h;  ;  liuiitn  of  nivrcurinl,  574; 
niHtaHtntIr,  67U:  NfgraUi  k  Zainhra't  niNxi- 
miiin.  67H;  Kvaunmr'A,  57U;  Kulher1i>rd*8 
mnximuin  and  niinimum,  678;  &ixU>n't 
d«'Hf,  M'a,  581;  M*lf  r«|ci>*t^rinK.  678;  wuni* 
Mllty  of.  572:  spirit  675;  Ktandard,  577; 
t«^t!«  of.  572;  Waifenlln'H  maklmuniy  678. 

TliHrinomi'iric  i«al<*f  compared,  671. 

TliMniio^uiulUplier,  688,  042. 

Tiivrin«Miro|ieK.  587. 

T  ihrirr  and  IkanchCi  apparatus,  600. 

Tlin^  nUtvs  of  matter,  16. 

Thuiid-r.  »H9. 

Thunder-Miormm  088. 

Tiini*  and  VMlodty.  20. 

Tira«'  n^iuired  f  »r  vision,  480. 

T-lirt'  -c»lid  nye  plwi*,  512. 

T<>n«*.  3t>:{:  rhani^i'd  by  echo,  866. 

Tornnd fK.  060. 

TorriivUian  th«>orrm,  210;  damonatratad,  220. 

Torrl'-fllian  vncuiim.  201. 

Tominn.  flaKtlHly  of,  166;  vlfrtromatar,  820; 
l.twH  of.  iwi:  of  riidd  burs.  167. 

T  itHl  hvilrootiitic  prKMum  100. 

ToiNl  reflection.  4U0. 

Triiliii  of  wlietfilwork.  117. 

Tiaii'ipo^liion  in  muvlc-  37i. 

Tniiinvemtt  ulrength.  172. 

TuIm-i*.  Ktreiiictli  of.  172, 

TiiliuUr  bridjceo,  172. 

Tuiilnsc  fork.  :{77. 

Turbine  wbeol.  231. 

Ttpfm'nff't  U-v  niarhlne,  681. 

TvleHnn  eltfctriral  machine,  837. 

Tympanum,  393. 

I'MRK^,  411. 

l-iidiTxhot  whe«l,  230. 

UiiiiiiUiion  in  ocean*.  Ac,  330;  of  elaatle 
ItnMo.  XW:  nf  ItqnldH.  319. 

UndulHiioiiH  of  a  ftpberH  of  air,  331 :  of  aolidis 
;t4Mt;  origin  of,  2^^.*:  phib-e'*  of.  304;  prognii- 
hivH.  .3tHi;  proKrwftHive,  in  liquids,  320;  sta- 
tionary. 3«ri. 

(iniform  motion.  3(). 

Uniform  nm-iral  pitch,  paga  066. 

Unii«n,  364. 

Unit  of  force,  37. 
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I  Units  of  maaaura,  1& 

Universal  diaihargar.  861 ;  graritation,  Uv o( 
I     59;  radiation  of  beat,  b33. 

Uoiitbbie  etiuilibrium,  21)7. 
.  Upward  prenaure  of  liquida,  102. 

Vacuum,  Torricellian,  261;  vapon  formed  in, 

668. 
Value  of  fbel,  716. 

Value  nfg  In  pendnlam  experiments,  80. 
Vaporization,  6o7. 

Vaporisation,  tomperatara,  and  limits,  672. 
Vapora,  2iV2:    and    gaavs,   identity    of,  688; 

density  of,  603;  formed  in  a  vacuum,  668; 

from   the  body,  710;    Latonr's   law,  602; 

liqoefiiction  of,  686;  maximam  tension,  6b0. 
Variable  motion.  31. 
Variatiou  chart.  780. 
Variations  of  iMrnmetrie  height,  270;  of  mag' 

netic  needle,  7NH;  annual,  daily,  700. 
Vegetablea,  teuipemture  uf.  767. 
VeiiM-itiea,  actual    and  theoretical,  144;   par* 

allelograui  of.  34. 
Velocity  after  Imfiact.  184;  of  all  aounda  the 

same,  34;.*:  of  all  Houudii  not  the  same.  t«ge 

tj»Mi   of  aerial    wavea,   332;  of  electricity, 

bl8:  of  light.  4o4;  of  rivers  and  strtsams, 

227;  ofM«>iindiualr,344;ofsoniidin  liquids, 

347 ;  in  a(»lidM,  348 ;  of  sound,  Newtou^s  for- 
mula. 663. 
Ventilntion.  7 16-726;  aprartiral  problem.  722; 

u«ve^*lly  oC  718;  quantity  of  air  required, 

7au. 
VentiUting  shaft,  723. 
VKutilnlora.  725. 
VentriiiMiuifnT,  391. 

Verification  of  laws  of  foiling  bodies,  72. 
Vernier,  266. 
Vibmiing  armature.  031. 
Vibrating  daniH,  386. 
Vibration  of  air  in  tubes.  870,  384;  of  cords, 

3UH;  laws  of.  of  cordK.  3U0;  of  rods,  310; 

of  membrane*.  318;  of  plates,  312;  of  plataa^ 

lawM  of.  315:  palhx  ot,  311. 
;  VIbrationis  299:  form*  of,  307;  from  magnai> 
I      ii*m.OI6:  iMM-hronous,3u3,  of  different  nutea, 
,      sbHolute.  360:   relative.  3i.K;  of  heat  and 

light,  7G5 :  of  light,  direction.  541 ;  of  light, 
<      length  of  531 ;  ot  liglit.  tranHmission  of,  642; 
I      '^  lighU  resolution  uf,  M4. 
Vki  .ria  tubular  briilge.  172. 
Mrtualfiicuif.  429:  imagia,434;  velocities.  106. 
>  Visible  bi-dies  4u2. 
ViHifiD. 44iH ;  iHmditiona of,  476 ;  binocular,  484; 

double.  48:i;  single,  482. 
Visual  anjzle.  472. 

Visual  impree>ii*ns  roqa.*re  time,  4X0. 
Vlaual  power  of  microscope,  613 ;  of  telaaoopea, 

6t»7. 
ViKual  rays  nearly  parallel,  470. 
Via  viva.  111. 
Vitality.  10. 

Vocal  api>aratua  of  man,  388. 
Voice  and  cpeech.  387. 
Voice,  mechaniam  of;  380;  range  of  human, 

390. 
Volta-electrlc  induction.  020. 
VnlUle  art- h.  heat  of  886. 
Voltaic  tiatteriea,  860-881 ;  effects  In  Tsriouf 

forma.  881. 
Voltaic  cirruit,  polarity  of,  878. 
Voltaie  couple.  866. 
Toltato  curfanta,  baat  ot,  887. 
A 
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Toltaie  6l«etricity,  qoaotity  and  Intensity, 
8flA. 

T(dUle  pile  or  battury.  8b4:  clieini««l  theory, 
MS;  ffToupInK  f>li*inf>ntf>,  879;  phrnieal  i4- 
frets.  883:  phv«k»loKieal  effrcts,  8«6;  toM^ 
nsUe  rffi^tn,  806;  tbaonr  of,  890. 

Toltiiifl  npiirk  and  nrch.  888. 

Tollabm  and  galTanliiin,  804. 

Vi4kC$  onntaet  theorj.  808.  807. 

FU<a'«  dlscoTerr.  origin  of,  808. 

VoUa*$  rkwtrical  lamp,  850. 

VcUa*t  rlfctroHeopa,  840. 

ra/ta*«  bail  iitorm,  848. 

Voltemetar,  880. 

Tolam*  chanjtwl  by  aoUdlfleatlon,  004. 

Tolain«c*gaMt,i08. 

WALrxftDiir*!  thermometer,  678. 

Wnrmlng.  727. 

WHtobe*.  halanoe>wh«ela  of;  600. 

Water  bellnwa.  106. 

Waiiir.  effect  of  aneqoal  ezpnnslon,  004 ;  ex- 
penrinn  of  604;  frn»lngof  006;  maximam 
denelty.  004;  rolume  at  different  tempera> 
tur«m004. 

Wiiti*r  pQinpe.  280. 

Wntvnipnnti*.  970. 

Wnter-whi^lK,  228. 

WattM  Menm  engine.  700. 

Wavr«.dMpih  of,  322:  fhnn  Ihei  of  ellipse,  324; 
f.-nni  fbcup  of  iiamholK,  326;  of  air  y»«Iorlty 
and  Intenfflcy  of,  332:  of  condennation  illun- 
trated,  331;  of  air  expandiog  freely,  334;  of 


air,  InterfNviMS  <<  80;  sT  a  . 

830;  prDdactioa  of;  819:  rsAsethMi  «C  •■: 

steUonary.  821. 
Weather  hidlraUNl  by  barooMlsr,  2X1. 
Wedjca.  126;  applk»tion  of;  li& 
Weixhlng  madiino,  116. 
Wells,  srterian,  204. 
Weight,  37.  07.  100;  defloltSoii  <£,  68. 
Wvights.  French  system,  100. 
Wslgh^  fipreific  00. 

Weight  Taries  In  different  localities,  98. 
Wheel  and  axle.  IIOl 
Wheel  barometer,  208. 
Wheel,  breajit,  230;  overaihot,  820;  tvUnsi 

281 ;  nnderahot,  280. 
Wheel  work,  trams  of,  117. 
Whiriwinds,  900. 
Whisperinrgalleriea,  350. 
White  liteht,  compocitlon  oC  467. 
Winds,  ryrlnnea,  and  harrican««.  908. 
Wind*,  general  muskleratlon  of.  967  ;  genersl 

dlrectton  ot  906;  hot.  907 :  periodkaO.  003; 

pmpagaUon  ot  968:  reguUr,  902;  TariabfaL 

9tU ;  velocity  of,  9GI. 
W'tUutnn't  camera  Inrltta,  61&. 
Wood  eooducta  heat,  017. 

YAW),  17. 

Zamboxi  a  Ds  Luc,  dry  plle«>,  873. 

Zero  point  of  thermometer,  670 ;  dhsplaecoini 

of,  673. 
Zero,  absudute,  000. 
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